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SECTION  1 


1.  INTRODUCTION 

The  increasing  sensitivity,  resolution  and  range  capabilities  of  electronic  sensors 
such  as  radar,  infrared,  sonar,  and  EMW,  are  providing  vastly  improved  target  signa¬ 
ture  data  leading  to  the  move  effective  detection,  recognition,  and  identification  of  targets 
of  interest.  To  be  useful,  sensor  data  must  be  assimilated,  essential  data  extracted 
from  nonessential  data,  management  decisions  made  and  actions  initiated  —  all  in  a  timely 
fashion.  This  process  requires  that  electronic  sensor  information  be  reduced  into  its 
essentials  and  be  displayed  rapidly  and  accurately  to  the  equipment  operator  and  system 
manager  on  an  interactive  basis.  Machine-ir.an-machine  communications  must  be  con¬ 
cise  and  be  accurate  to  optimize  mission  effectiveness.  The  3-D  visual  display  repre¬ 
sents  a  potential  solution  to  the  problem. 


A  new  technique  for  implementing  a  true  3-D  volumetric  display  was  independently  in¬ 
vented  by  Battelle  Memorial  Institute  in  1970.  The  Battelle  Development  Corporation  has 
submitted  a  patent  application  covering  the  entire  three  dimensional  display  system.  Dur¬ 
ing  the  course  of  the  work  on  the  patent  application,  several  examples  of  relevant  prior  art 
were  discovered.  In  particular,  patent  No.  3,123,711,  issued  to  Jack  Fajans  on  March  3, 
1964,  discribes  a  .uminous  spot  display  device.  This  patent  is  now  assigned  Ij  the  Battelle 
Development  Corporation.  The  Battelle  technique  employs  two  bean  s  of  electromagnetic 
energy  intersecting  at  a  point  in  space.  (These  beams  either  will  be  in  the  invisible  regions 
of  the  spectrum  or  will  be  rendered  invisible  through  the  use  of  appropriate  filters).  When 
this  is  accomplished  in  the  proper  medium,  visible  fluorescence  results  at  the  beam  inter¬ 
section.  The  net  result  is  a  capability  for  creating  "points  of  light"  in  three-dimensional 
space.  The  basic  property  of  Sequentially  Excited  Fluorescence  (SEF)  in  a  medium  was 
confirmed  by  laboratory  experiments  conducted  by  Batielle,  Subsequent  research  revealed 
potential  implementations  as  well  as  needed  areas  of  exploration.  As  a  result  Motorola 
and  Battelle  Columbus  Laboratories  formed  a  team  early  in  1970  to  integrate  the  ultimate 
display,  thereby  adding  development  and  implementation  expertise  to  basic  research 
capabilities. 


A  proposal  to  study  the  basic  SEF  concept  was  prepared  by  Motorola  and  submitted  to 
ONR  on  Sept  1,  1971.  The  effort  was  considered  b3f  ONR  to  be  the  beginning  of  a  series 
of  programs  eventially  leading  to  the  development  of  a  true  volumetric  3D  display.  This 
study  program  resulted  in  the  initial  ONR  investigative  effort.  The  intention  of  this 
effort  was  to  uncover  the  areas  needing  development  emphasis  based  on  technology  trends. 

With  such  information  at  hand,  an  orderly  plan  can  be  developed  predicting  the  essential 
construction  of  prototype  hardware. 

During  the  course  of  this  study  an  attempt  has  been  made  to  gather  information  relating 
to  basic  volumetric  display  .system  elements —  energy  sources,  deflectors,  and  display  media. 


l-l 


Because  of  the  extensive  work  accomplished  to  date,  and  the  applicability  of  existing  tech¬ 
nology,  the  display  system  architecture  is  not  considered  i  critical  area  and  was  not  ad¬ 
dressed  in  tiis  study.  The  study  first  derives  the  display  performance  equations,  and  then 
considers  the  display  media,  the  energy  sources,  and  the  deflectors.  Also  Included  is 
a  description  of  specific  requirements  for  various  classes  of  potential  displays,  and  a 
time  phased  plan  tor  their  realization. 

What  should  be  done  next?  Two  avenues  deserve  immediate*  attention.  The  first  is  to 
study  materials  which  have  the  potential  for  a  higher  operating  efficiency  (conversion  of 
pump  energy  to  useful  output)  than  tne  present  display  media.  Such  a  program  should  con¬ 
centrate  on  gaseous  display  media  for  the  following  reasons: 

1  >  Ease  of  fabrication  of  large  volumes.  This  "ill  be  facilitated  by  using  a  buffer  gas 
to  keep  the  display  volume  at  atmospheric  pressure. 

2.  Avoidai.ee  of  ootical  problems  caused  by  an  index  of  refraction  mis-match.  This 
is  particularly  important  for  multiple  vantage  point  viewing. 

3.  Preliminary  calculations  indicate  ihe  possibility  of  high  conversion  efficiency. 

It  is  anticipated  that  the  end  result  of  this  program  will  be  tne  identification  and  charac¬ 
terization  of  a  gas  suitable  for  a  smail  display  of  several  thousand  spets  when  excited  by 

one  watt  lasers.  In  the  past,  almost  all  work  on  gases  for  the  SEF  display  has  been 
theoretical.  The  first  result  of  such  wo^k  was  the  identification  oi  the  range  of  parameters 
to  describe  a  gas  suitable  for  a  high  performance  display.  Stated  briefly,  the  gas  should 
h^ve  a  density  of  lO1^  molecules/cm^,  or  greater,  at  tie  opera.ing  temperature  of  tne 
display;  it  should  have  a  ground  s*ate  absorption  lini.w idth  and  oscillator  strength  consistent 
with  an  absorption  length  of  tens  of  centimeters  at  the  operating  density;  and  it  shculd  have 
an  excited  state  absorption  length  of  several  millimeters.  A  theoretical  effort  devoted  to 
an  estimate  of  the  display  capabilities  of  gaseous  diatomic  iodin  -  indicated  that  I2  should 
be  capable  of  supporting  a  moderate  display  (several  hundred  spots  or  more)  and  that  IC1 
(one  of  several  potentially  useful  heteronuclear  halogen  molecules)  should  be  capable  of 
supporting  a  high  performance  display  (several  thousand  spots).  To  date,  experimental 
work  with  the  halogen  molecules  has  been  limited  to  preliminary  absorption  spectroscopy 
and  resonance  excitation  of  visible  flourscence  with  a  tunable  dye  laser.  The  second  need 
is  to  evaluate  3-D  display  applications  and  related  human  factors  requirements.  In  the 
development  of  any  new  display  system,  it  is  important  to  determine,  as  early  as  possible, 
the  man-machine  parameters  inherent  in  the  system.  Generally,  there  parameters  are 
concerned  with  operator  functions  such  as  detection  and  tracking,  discernment  of  patterns, 
and  perception  of  spatial  relationships.  To  obtain  data  on  such  parametex'C,  it  is  conventional 
to  construct  a  laboratory  model  of  the  display  system  and  conduct  humau  factors  tests,  as 
required,  to  yield  the  requisite  information.  Motorola  has  proposed  a  program  tc  satisfy 
this  need.  As  proposed.  Phase  1  is  an  exploration  of  military  applications  for  ,'oiumetric 
display0  and  Phase  2  is  a  human  factors  evaluation  using  the  data  base  obtained  during 
Phase  1. 
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SECTION  2 


2.  THREE-DIMENSIONAL  TECHNIQUES,  APPLICATIONS.  AND  HUMAN  FACTORS 

2. 1  THREE-DIMENSIONAL  TECHNIQUES  AND  POTENTIAL  APPLICATIONS. 

"Man  possesses  a  highly  refined  and  well  practiced  sense  of  depth  perception  which  is 
not  used  when  viewing  a  conventional  2-D  display.  If  a  third  dimension  is  added  to  a  display, 
system  capacity  is  increased.  "1 

The  ideal  3-D  display  offers  the  possiblity  of  presenting  complex  and/or  fast  changing 
data  to  an  operator  in  a  fashion  that  enhances  the  operator's  ability  to  interpret  such  data 
and  to  perform  resultant  management  decisions.  In  the  ideal  sense  ~  '-D  display  aiso  would 
render  2-D  data  portrayals  where  projections  along  selected  axes  are  desirable.  This  prop¬ 
erty  is  vital  if  the  operator's  task  requires  more  than  a  subjective  examination  of  3-D 
data. 

At  present,  four  general  approaches  to  the  problem  of  presenting  multidimensional  in¬ 
formation  are  distinguishable:  coding  in  2-D  presentations,  perspective  and  other  monoc¬ 
ular  in  2-D  presentation,  stereoscopic  2-D  systems,  and  volumetric  (3-D)  devices.  The 
basic  characteristics  of  each  are  briefly  summarized  as  follows: 

2.1.1  Coding 

Coding  techniques  indicate  a  tnird-dimension  on  a  two-dimensional  surface  by  graphi¬ 
cal,  numerical,  color,  or  alphabetic  symbology.  Various  schemes  have  been  evaluated  over 
the  years  and  many  are  presently  in  use.  A  typical  example  is  the  range-neight  display  used 
to  supplement  plan  position  indicators  in  ground  control  approach  radars.  Also  supplemen¬ 
tal  alpha-numeric  data  blocks  may  be  placed  on  a  2-D  display  to  indicate  a  third  dimension 
(aircr  Jt  altitude  for  example).  This  display  technique  is  adequate  for  many  applications 
bu‘  suffers  the  serious  disadvantage  of  display  clutter  when  coding  is  applied  to  more  than  a 
few  targets  at  any  one  time.  Dual  2-D  presentations  have  the  disadvantage  of  poor  target 
correlation  if  there  are  more  than  a  very  few  targets  on  the  display  at  any  one  time.  In 
general,  it  may  be  stated  that  coding  is  a  restrictive  system  of  adding  additional  informa¬ 
tion  to  a  displays  it  is  best  applied  on  an  individual  target  basis  or  upon  request  of  the  equip¬ 
ment  operator. 

2.1.2  Perspective  and  other  Monocular  Cues 

A  pseudo  3-D  effect  can  be  obtained  by  using  monocular  cues  such  as  size,  perspective, 
or  shading  to  produce  the  illusion  of  depth  on  a  2-D  surface.  Examples  are  the  display  of  an 
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object  as  an  isometric  projection,  the  use  of  a  trapezoid  to  represent  a  runway,  simul¬ 
taneous  modulation  in  the  Y  and  Z  axis  to  produce  a  bas-relief  effect,  on  a  CRT,  etc.  While 
displays  of  this  nature  indicate  the  presence  of  a  third  dimension,  the  indication  is  based  on 
the  view  from  a  single  vantage  point  and  the  measurement  of  depth  is  not  readily  available 
to  an  operator.  Coding  is  required  to  measure  depth.  The  restrictions  of  coding  as  de¬ 
scribed  in  the  previous  paragraph  apply  to  this  technique.  However,  a  major  advantage  of 
this  technique  is  that  both  inside-out  and  outside-in  viewing  can  be  portrayed  to  the 
observer. 

2.1.3  Stereoscopic  Systems 

Stereoscopic  viewing  of  separate  2-D  displays,  one  for  each  eye,  employs  the  use  of 
binocular  disparity  as  an  additional  optical  cue  to  enhance  the  illusion  of  3-D.  Stereo  view¬ 
ing  has  been  evaluated  for  many  years  from  both  the  device  and  human  factors  standpoint. 
While  this  technique  offers  a  realistic  illusion  of  depth,  it  generally  suffers  the  basic  defi¬ 
ciencies  of  single  vantage  point  viewing  and  the  wearing  of  special  viewing  devices.  Recent 
computer-generated  displays  have  somewhat  relieved  the  constraint  of  single  vantage  point 
viewing  by  measuring  the  position  and  attitude  of  the  observer's  head  and  changing  the  dis¬ 
played  object  accordingly.  At  present,  computer  generated  displays  of  this  nature  are  con¬ 
fined  to  "outline  drawings"  of  simple  objects  such  as  cubes,  Lissajous  patterns,  spirals, 
t  j.  Tiie  elimination  of  "hidden"  lines  and  generation  of  complex  surfaces  both  remain  dif¬ 
ficult  problems.  Additional  difficulties  associated  with  stereoscopic  viewing  are  the  fact 
that  not  all  observers  can  accommodate  this  type  of  display.  For  some,  eye  strain  results 
and  for  others  the  illusion  of  depth  is  not  evident.  A  further  difficulty  is  the  fact  that  depth 
measurements  are  not  self  evident  -  -  that  is,  some  form  of  "depth  coding"  must  be  em¬ 
ployed  to  assist  in  measurement. 

Again,  a  major  advantage  is  the  feasibility  of  "inside-out"  viewing,  in  which  the 
observer  seems  to  be  inside  the  displayed  volume. 

2.1.4  Volumetr  ic  Devices 

A  volumetric  display  is  the  only  technique  that  presents  depth  in  a  real  rather  than  a 
synthetic  fashion.  Thus,  all  of  the  optical  cues  are  employed;  that  is,  binocular  disparity, 
perspective,  size,  and  focus.  Viewing  in  the  ’depth"  axis  is  more  easily  accomplished. 
Also,  simultaneous  view  ing  from  multiple  vantage  points  is  inherent  in  the  volumetric 
display. 

2.1.5  Summary 

Much  remains  to  be  investigated  in  the  field  of  volumetric  displays.  The  fact  that  data 
displayed  by  light  emitting  points  is  "transparent"  must  be  considered,  although  preliminary 
experiments  have  indicated  ihat  this  will  not  lead  to  perception  problems.  Display  size, 
inside-out,  and  outside-in  viewing  are  likewise  basic  considerations. 
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Per  haps  the  greatest  single  advantage  of  a  volumetric  display  is  the  possiblity  of  com¬ 
municating  a  "whole  picture".  As  such,  it  appears  a  major  use  could  be  as  a  supervisory 
display,  i.e. ,  a  display  useful  to  a  group  -  -  a  display  that  would  provide  an  overview  of  a 
situation  for  high  level  command  decisions.  Situations  of  this  nature  characteristically  in¬ 
volve  a  multiplicity  of  complex  data  with  the  requirement  of  fast  and  accurate  management 
decision  making.  Applied  to  a  tactical  situation,  a  volumetric  display  could  enable  a  com¬ 
mander  to  view  an  overall  aerial,  surface,  and  undersea  situation  in  a  single  display  with 
the  freedom  to  change  his  view  point  at  will. 

2.2  POTENTIAL  APPLICATIONS 

The  folio  ving  are  examples  of  possible  applications  for  3-D  displays: 


2.2.1  Ship:;;  Surface,  and  Submersible:  (Sonar  coupled  and  radar  coupled  sensors) 

•  Combat  Information  Center:  Unified  presentation  of  air,  surface,  and  sub¬ 
marine  forces. 

•  Supervisory  Obstruction  Avoidance:  3-D  portrayal  of  ice  packs;  bottom  topo¬ 
graphy. 

•  Fire-Control:  Assignment  of  AAA  batteries  and  missiles  to  specific  targets  or 
threat  sectors. 

•  Air  traffic  control:  Supervisory. 

•  Target  Recognition  and/or  Identification:  Form  recognition  under  conditions  of 
unfamiliar  size  and  distance  is  enhanced  by  a  3-D  presentation.  Target  signa¬ 
ture  cue  combinations  such  as  range,  bearing,  shape,  and  spectra,  presented 
in  a  3-D  form,  may  well  serve  to  "organize”  the  various  signature  data  in  a 
manner  to  enhance  the  operator  target  recog..ition/identification  function. 

2.2.2  Aircraft;  (Radar  coupled) 

0  Drone  Aircraft:  Monitor  and  control  of  single  or  multiple  drone  aircraft  partic¬ 
ularly  at  the  system  management  level. 

•  Station  Keeping  and  Rendezvous:  Aircraft  refueling,  formation  flight,  and  col¬ 
lision  avoidance  arc  representative  of  fast  changing  situations  amenable  fo 
display  by  3-D  techniques. 

•  Fire  Control  and  Weapons  Management:  The  guidance  and  monitoring  of  air- 
to-air  and  air-to-ground  weaponry  is  a  possible  use  for  3-D  displays. 
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2.2.3  Signal  Processing: 


3-D  displays  offer  the  possiblity  of  enhancing  the  detection  of  signals  in  noise  by  por¬ 
traying  data  in  a  manner  so  as  to  best  employ  the  autocorrelation  properties  of  human  bino¬ 
cular  vision. 

2.3  HUMAN  FACTORS  CONSIDERATIONS 

Of  the  four  general  approaches  to  the  problem  of  presenting  3-D  information,  the  volumet¬ 
ric  and  stereoscopic  2-D  displays  most  nearly  approach  the  ideal.  The  volumetric  display 
frees  the  observer  from  encumbrance,  and  provides  a  natural  view  to  a  large  number  of 
observers.  Against  these  advantages  must  be  counted  the  transparency  factor  and  the  possi¬ 
ble  limitation  to  an  "outside-in"  view.  The  stereoscopic  2-D  display,  in  principle,  can  over¬ 
come  these  disadvantages  by  presenting  a  wide-angle  view  to  each  eye  separately  and  caus¬ 
ing  the  views  to  change  naturally  with  head  movement.  This  presently  implies  objectionable 
observer  encumbrances.  Fundamental  human  factors  evaluation  material  relating  to  3-D 
volumetric  displays  is  as  follows: 

•  Inside-out  vs  Outside-m  viewing. 

•  Transparency  of  data. 

«  Multiple  vantage  point  viewing. 

•  2-D  data  projections  of  3-D  data. 

•  Number  of  data  points  required. 

•  Measurement  accuracy  (in  3  dimensions);  cursor  considerations. 

Each  of  the  preceding  are  related  to  operational  requirements  associated  with  the  various 
display  applications.  A  human  factors  study  in  conjunction  with  an  applications  study  is  re¬ 
quired  to  evaluate  man-machine  relations  pertinent  to  3-D  volumetric  displays. 
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SECTION  3 

3.  DEVELOPMENT  OF  A  MATHEMATICAL  MODEL  OF  THE  DISPLAY 
3-1.  MATHEMATICAL  MODEL 

This  section  is  concerned  with  the  development  of  a  mathematical  model  of  the  display, 
starting  with  the  solution  of  the  physical  problem  of  the  sequential  excitation  of  flouresceuce. 
It  has  proven  convenient  to  discuss  the  display  in  terms  of  the  number  of  floarescent  spots 
M  which  can  be  made  to  appear  simultaneoulsy  within  the  display  volume.  This  number  is 
determined  in  part  by  the  characteristics  of  the  display  medium.  The  total  number  of  ad¬ 
dressable  locations,  or  the  field  of  the  display,  is  not  so  much  a  function  of  the  material  as  a 
function  of  the  deflectors  and  optics.  We  will  find  it  possible  to  desciibe  the  display  in  terms 
of  the  following  parameters: 

M  =  Number  of  simultaneously  displayed  spots. 

R  =  The  rate  at  which  the  display  is  refreshed  (sec-*). 

L  =  The  length  of  the  display  along  tht  direction  of  the 
ground  state  pump  (cm). 

d  =  The  spot  diameter  (cm). 

B  =  The  spot  brightness  (foot  Lamberts). 

The  physical  problem  to  be  solved  is  depicted  in  Figure  3-1  which  is  a  generalized  three 
level  energy-level  diagram  showing  excitation  by  the  ground  and  excited  state  pumps  and 
the  various  loss  mechanisms.  In  a  Battelle  Columbus  Labs  internal  report  *,  it  was  shown 
that  the  most  efficient  way  to  use  a  given  average  pump  power  is  in  the  form  of  a  sequence 
of  two  short  pulses  as  shown  inFigure  3-2.  This  mode  results  in  maximum  utilization  of 
the  excited  state  pump  and  therefore  the  highest  overall  efficiency,  provided  the  pulse  se¬ 
quence  is  delivered  in  a  time  significantly  less  than  the  lifetime  of  the  first  excited  state.  If 
neither  of  the  pump  pulses  is  sufficiently  intense  to  saturate  the  electronic  system,  the  solu¬ 
tion  of  the  rate  equations  under  the  short  pulse  approximation  leads  to 

f3I  =  N  °12IEtE  °23  n3l  photons/cm3  per  pulse,  (1) 

for  the  flourescent  output  per  pulse.  The  quantity  II  is  the  density  of  potential  emitters  and 
^31  *s  quantum  yield  for  visible  flourescenee  from  the  emitting  level.  The  remaining 
quantities  are  defined  in  Figures  3-1  and  3-2. 

It  is  more  useful  to  deal  with  average  pump  powers  than  with  energy  per  pulse.  This  is 
easily  done  by  defining  the  pump  powers  Ij£  and  I23  in  terms  of  the  energy  per  pulse  and  the 
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Figure  J-l.  Ervrgy  Level  Diagram 
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Energy  lqvel  diagram  showing  absorption,  stimulated  emission,  nonradiati^e  md  radi¬ 
ative  decays.  Pump  intensities  ~re  j  (t) ,  absorption  cress  sections,  Ojj,  nonradiative  decay 
rates  R||  and  radiative  decay  rates  Ajj,  The  desired  outjjut  at  A^  occurs  at  the  rate  N3A34 
photons/cm3  -  sec. 


TIME 


Figure  3~2.  Excitation  Pulse  Pattern 

The  two  excited  pulses  of  intensities  Iq  and  %  and  durations  t£  ano  «:h  re  speed  vep’  r-.ee 
shown  applied  sequentially  in  a  time  less  than  r9.  The  citangc  in  population  of  the  first  ex¬ 
cited  state,  r?,  and  the  second  excited  state,  ng,  in  response  to  these  pulses  indicated. 


number  of  pulses  per  second.  Thus, 

and 


u 


Ig3  =  T-Et£M 

Substituting  into  equation  1  yields 


<»> 


I  i 


F  -  Rf 
31  31 


12  12  23  23  31  photons/cm  per  sec. 


The  ground  state  pump  must  be  exponentially  attenuated  as  it  traverses  the  display  medium 
Therefore,  the  energy  deposited  per  unit  length  will  reach  a  minimum  at  the  point  ia  the 
display  farther est  from  the  point  at  which  this  pump  beam  enters  the  display.  We  wish  to 
maximize  the  excited  siaie  population  at  this  point.  After  traversing  a  distance  x  thro;  rh 
the  dispi  i.y  medium  the  number  o:  centers  wu*cb  a  ground  state  pump  puI«o  will  be  uhle  to 
elevate  to  the  first  excited  state  -..'ill  be 


N2»-BVo  V*1**1'  ^ 

Maximizing  N.  at  the  far  side  of  a  display  cf  l^ngib  L  yields 
L  =  1  h  12  N. 

It  shuuld  be-  pointed  out  that  unless  the  value  ui  IC  indict ted  by  equation  d  exceeds,  a  cei  tain 
minimum  value,  the  material  in  question  will  probably  no*  be  suitable  for  :ve  io  'he  display. 
Ter  a  given  brightness,  it  i?  evident  that  t:/3  density  cf  emitters  in  tN,.  upper  ;xc;te  '  state  is 
given  by 


",(rtun»  -  ?35  p31/R. 


<7> 


-1. 


Assuming  nonsatu  ration  implies  tiub  N  <0C>  N  <!l0)  >>  t  ^  v  e  require  that 

j  “  T 

N^W^IOOF  M?j/h  (8) 

i  The  spot  diameter  oat  lye  included  as  an  explicit  parameter  by  defining  the  output 
Hu\  F  qj  ana  the  pump  fluxes  i  jj  in  terms  of  the*  output  and  inout  photon  uensiCes, 


31  ~  ~  *  (d/2'  F  pnetons/rec. 


(9) 
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and 


1  ?. 

I .,  =  r  it*/ 2;  I.,  photons/oec. 
ij  L 


Substituting  Eq:».  3,  9  and  10  into  Eq.  4  we  get 


M*uiy,31^a.fi,lfi,23.B, 


(10) 


(11) 


Hmv,  the  equation  has  Veen  separated  into  parameter*  which  describe  the  quality  c*  rhe 
display  and  parameters  which  describe  the  light  source*  and  the  display  medium.  The 
constant  therefore,  represents  a  measure  of  -he  quality  yf  the  display,  and  at  the  same 
time  a  measure  of  the  difficulty  ci  achieving  the  materials  and  light  sources  to  construct 
the  di3play. 
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As  fi°a)  stepa  in  the  development  ot  the  system  equation,  the  brightness  will  be  expressed 
in  photometric  units  using  trva  inversion 
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ard  <he  p«uv.u  ntensjries  ?j2  ant*  p£3  will  ~r  e\pressed  \n  *erms-  of  watts  rather  than  in 
,  rotons  p^r  second,  final  res:*»f  Hf 
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where  ir  the  visual  spectral  sensitivity  coefficient  ‘which  is  anily  at  the  sensitivity  peak 
(0. 53  j*  )  and  fails  to  zero  in  th»  iK  and  UV  regions  o'  the  sp^c-rum. 

3-2.  A  PROPOSED  Li  SPLAY  "EKARCHY 

Having  developed  an  expression  by  which  a  given  display  nan  be  characterized,  it  is  now 
possible  to  taoulate  the  properties  of  a  proposed  hierarchy  of  displavs  and  calculate  the 
characteristic  parameter  Z  which  \z  a  measure  of  the  difficulty  of  constructing  each  of  these 
displays.  This*  is  done  inTable  3-1.  To  reduce  the  numuer  of  variates  inTable  3-1,  it  was 
assumed  that  all  of  the  diSDlays  had  green  (  X  -  0. 56  V  )  outputs.  Thus 
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The  lowest  order  display  described  in  Table  3-1  is  the  bench  model  which  Battelle  Colum¬ 
bus  Laboratories  plans  to  construct  for  the  Air  Force  Avionics  Laboratory.  The  most  ad¬ 
vanced  display  is  the  ONR  goal  which  was  discussed  in  Motorola’s  proposal  to  ONR  resulting 
in  the  current  project.  As  can  be  seen,  the  Z  values  for  these  two  displays  differ  by  some 
nine  orders  of  magnitude.  In  the  following  section  equation  13  will  be  discussed  in  terms  of 
some  specific  material  parameters.  It  also  will  be  shown  that  it  is  reasonable  to  span  this 
range  of  Z  with  improved  display  materials. 

3. 3  SOME  OPTICAL  LIMITATIONS 

InTable  3-1,  the  display  siz'<  and  the  spot  size  have  been  kept  relatively  constant.  Equa¬ 
tion  13  defines  tradeoffs  between  d,  L  and  the  other  display  parameters.  However,  these 
parameters  may  not  be  varied  without  limit.  The  restrictions  stem  from  the  fact  that  true 
collimation  of  a  light  beam  is  not  possible,  and  the  smaller  the  minimum  beam  diameter, 
the  larger  the  divergence.  The  specific  L  to  d  ratio  achievable  is  a  function  of  a  number  of 
parameters  including  initial  laser  beam  diameter  and  beam  quality,  the  tolerable  spot  varia¬ 
tion  and  the  focal  length  of  the  lens  which  is  used.  For  example,  it  can  be  shown  that  for  a 
2mm  difraction  limited  laser  beam,  ?  1  meter  focal  length  lens  will  produce  a  beam  of  0.5 
mm  diameter  which  will  vary  by  no  more  than  10%  over  a  20  cm  path  length  2.  The  achiev¬ 
able  L/d  is,  in  this  case,  400. 

The  L/d  values  for  the  four  displays  in  the  proposed  hierarchy  are  given  inTable  3-1. 
These  values  as  well  as  the  time  per  event  are  also  relevant  to  deflector  characteristics 
and  will  be  referred  to  again  in  the  discussion  of  deflectors. 
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Display  Hierarchy  (assuming  green  output) 
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SECTION  4 


4.  Ti  E  DISPLAY  MEDIUM 

t.  :  CRiTERIA  OF  A  GOOD  DISPLAY  MEDIUM 

The  function  of  the  display  medium  is  to  convert  the  energy  oi  the  pump  beams  into  fluo¬ 
rescence  at  a  wavelength  different  from  either  incident  beam.  In  order  to  produce  suffi¬ 
cient  intensity,  the  density  of  the  active  centers  must  exceed  a  minimum  value.  The  mini- 
mum  value  is  a  function  of  the  required  brightness,  the  refresh  rate  and  the  intrinsic  con¬ 
version  efficiency  of  the  material.  In  addition,  the  lifetime  of  the  first  excited  state  must  ex¬ 
ceed  a  certain  minimum  value  so  that  there  is  no  difficulty  in  timing  the  excitation  pulses, 
and  yet  this  lifetime  must  be  short  enough  so  that  no  unwanted  spots  are  formed.  *  These  un¬ 
wanted  spots,  or  ghosts,  occur  when  the  ground  state  pump  beam  intercepts  the  path  of  the 
excited  state  pump  which  has  r,ot  yet  had  time  to  decay.  In  some  materials,  and  particularly 
in  gases,  this  phenomen  m  can  be  controlled  to  some  extent  by  introducing  quenching  mat¬ 
erials  so  that  the  life  time  of  the  metastable  state  can  be  controlled  to  lie  within  a  suitable 
range.  In  a  liquid  or  gas,  the  fluorescence  lifetime  should  be  short  enough  to  prevent  dif¬ 
fusion  of  the  fluoiescing  spot.  In  addition,  neither  of  the  exciting  beams  should  be  able  to  ex¬ 
cite  the  desired  fluorescence  without  the  cooperative  action  of  the  other  beam. 

A  number  of  additions'  crite’*!  a  relating  to  the  use  of  potential  materials  in  the  actual 
display  must  be  kept  ill  mind.  For  example,  materials  which  present  apparently  unsolvable 
containment  problems  01  unusually  difficult  preparation  problems  should  not  be  considered. 

In  Figure4-1  the  interaction  of  an  ideal  display  material  with  the  pump  beam  is  depicted. 
The  ground  state  pump,  entering  from  the  left,  is  attenuated  exponentially  as  it  traverses 
the  display  volume.  The  attenuation  coefficient  can  be  r.djusteu  by  appropriately  choosing  the 
concentration  of  absorbers.  It  has  been  shown  that  the  optimum  absorption  leugth  is  the  x- 
dimeusion  of  the  display. 

The  excited  state  beam,  entering  from  the  bottom,  traverses  the  display  with  no  attenu¬ 
ation  until  it  intersects  region  previously  traversed  by  the  ground  state  pump.  As  shown, 
it  then  suffers  severe  attenuation  in  the  prepumped  region.  Achieving  this  behaviour  in  a 
real  material  requires  grumd  state  anc?  excited  state  absorption  cross  sections  which  differ 
in  many  orders  of  magnitude. 

4.2  POTENTIAL  DISPLAY  MEDIA 

The  following  discussion  deals  with  specific  classes  of  materials  which  have  been  con¬ 
sidered  as  display  media.  Specific  possibilities  are  iden.ified  and  an  attempt  has  been  made 
to  predict  the  performance  expected  of  these  materials  and  to  indicate  preferred  research 
paths. 
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4. 2. 1  Trivalent  Rare-Earth  Ions 


Trivaient  rare-earth  ions  present  as  dopants  in  various  solid  matrices  were  selected  by 
Battelle  as  the  first  materials  for  study.  The  basis  for  this  choice  was  that  a  significant 
amount  of  work  on  the  use  of  these  materials  as  infrared  quantum  counters  had  been  done 
and  that  the  quantum  counter  and  SEF  mechanisms  are  basically  the  same. 

The  result  of  the  work  on  the  trivalent  rare-earth  ions  was  that  a  number  of  possible 
display  schemes  were  identified  and  characterized.  It  was  realized  during  the  course  of  this 
work  that  the  efficiency  of  these  materials  in  converting  the  energy  of  the  primping  beams  to 
the  desired  visible  fluorescence  was  very  low.  This  low  efficiency  is  due  entirely  to  the  fact 
that  the  transition  between  the  first  and  second  excited  states  is  a  forbidden  transition  and 
therefore  results  in  a  very  inefficient  utilization  of  the  excited  state  pump.  There  are  two 
possible  approaches  to  improving  the  situation  with  the  trivalent  rare  earths.  The  first  of 
these,  which  has  been  pursued  to  some  extent  by  workers  at  the  RIAS  laboratory  of  Martin- 
Marietta,  is  the  control  of  the  conditions  under  which  the  crystals  are  grown  in  such  a  way 
as  to  minimize  the  number  of  crystallography  cally  different  sites  in  which  the  rare  earth 
ions  find  themselves.  This  is  expected  to  result  in  narrower  absorption  lines  and  a  conse¬ 
quent  increase  in  the  absorption  coefficient  for  the  excited  state  pump.  However,  these  ef¬ 
forts  are  not  expected  to  produce  more  than  an  order  of  magnitude  increase  in  the  excited 
state  absorption  cross-section.  A  second  approach  which  also  is  directed  toward  improving 
material  characterization  by  controlling  the  local  environment  around  the  rare  earth  ions  is 
to  use  host  materials  other  than  the  fluorides  which  have  been  used  to  date.  Experiments  at 
the  Battelle  Columbus  Laboratory  with  Y2O3  host  powders  have  shown  the  potential  of  a  fac- 
for  of  2  or  3  improvement  over  the  CaF2  host.  Neither  of  these  properties  seem  to  have  a 
sufficient  payoff  to  warrant  an  extensive  research  program. 

4. 2. 2  Divalent  Rare-Earth  Ions 

The  infrared  and  visible  transitions  of  the  trivalent  rare-earths  are  due  to  normally  for¬ 
bidden  transitions  between  levels  of  the  41°  configuration.  They  usually  are  made  possible 
by  crystal  field  admixture  of  components  of  opposite  parity  in  the  wave  functions  and  have 
oscillator  strengths  in  the  order  of  Allowed  transitions  do  not  occur  until  ultraviolet 

energies  are  reached.  Cr.  the  other  hand,  in  the  divalent  rare-earths,  the  energy  difference 
between  the  bottom  of  the  4fn“*  5d  and  4f°  configurations  spans  a  range  varying  from  the  in¬ 
frared  through  the  visible  and  into  the  ultraviolet.  There  is,  therefore,  a  possibility  of  find¬ 
ing  a  divalent  RE  ion  with  a  forbidden  ground  state  absorption  and  an  allowed  excited  state 
absorption.  This  is  the  ideal  combination  for  the  SEF  display.  For  these  reasons  some  ef¬ 
fort  was  spent  in  the  investigation  of  the  divalent  rare  earth  ions. 

It  was  found  that  of  the  fourteen  rare  earths,  only  4  of  the  divalent  ions  fluoresce  in  the 
visible  region  of  the  spectrum.  These  are  Sm2+,  Eu2+,  Tm2+  and  Yb2*.  Neither  Eu2+  nor 
Yb2+  have  an  infrared  metastable  level  which  would  be  suitable  for  use  as  the  first  excited 
state  in  the  SEF  scheme.  Tm2+  is  the  only  divalent  rare-earth  ion  in  which  quantum  counter 
or  SEF  action  has  been  demonstrated.  As  was  expected,  due  to  the  allowed  excited  state 
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transition,  its  quantum  efficiency  was  some  3  orders  of  magnitude  higher  than  that  exhibited 
by  the  trivalent  ions-  However,  the  output  wavelength  in  the  material  investigated  {SrCl2: 
Tm2+)  was  0.72 p  which  is  too  far  into  the  infrared  region  to  be  useful  in  a  display  system. 

The  work  on  the  SrC^iTm2*  system  was  performed  at  RCA  during  196C  under  a  con¬ 
tract  from  the  U.  S.  Army  Engineer  Research  and  Development  Laboratories.  This  work  is 
described  in  detail  in  a  series  of  reports  which  do  not  contain  any  information  suggesting  any 
modification  of  this  system  to  make  it  a  suitable  display  medium.  The  most  discouraging 
facts  are  that  the  host  is  not  easily  prepared  in  large  single  crystals  and  that  the  mechanism 
of  the  fluorescence  is  not  understood.  This  means  there  is  no  rational  basis  to  search  for 
hosts  which  might  push  the  fluorescence  wavelength  further  into  the  visible. 

The  potential  of  Sm2+  is  not  clear,  and  deserves  some  additional  attention.  It  is  known 
that  Sm2+has  4f  -*•  4f  absorptions  at  2.  Up.  and  4.37ji.  These  lines  are  relatively  narrow 
( ~20A)  and  have  oscillator  strength  of  x  10'^.  They  have  been  observed  in  CaF2,  bat 
because  they  are  4f  -*-4f  transitions  they  should  be  relatively  insensif  ve  to  the  particular 
host  used.  There  is  no  data  available  on  the  lifetime ,  or  even  the  spectroscopic  labeling  of 
those  levels.  An  additional  line  is  predicted  at  3. 1  p  but  has  not  been  observed.  If  this  line 
is  present,  we  can  expect  in  most  hosts  a  muitiphonon  decay  of  the  2.47p  level  to  the  3.1  p 
level.  This  will  limit  the  lifetime  of  the  2. 47p  level  to  less  than  10“5  sec.  If  the  3.1  p  level 
does  not  exist,  the  2.47p  lifetime  probably  will  be  determined  by  radiative  processes  and  will 
be  in  the  millisecond  range. 

The  excited  state  pump  probably  will  be  in  the  8000A  range  and  will  pump  a  transition 
whose  oscillator  strength  is  expected  to  be  about  10-2. 


It  is  anticipated  that  the  Stokes  shift  will  be  such  that  the  fluorescence;  will  occur  at  a 
wavelength  sufficiently  longer  than  the  red  end  of  the  absorption  band  and  that  no  reabsorp¬ 
tion  will  occur.  This  should  be  verified  experimentally. 


The  situation  with  respect  to  the  output  wavelength  of  Sm2+  is  not  dear.  In  CaFo.  there 
is  a  large  body  of  experimental  data  which  indicates  that  the  fluorescence  peaks  at  7100A 
for  low  temperatures  and  shifts  towards  the  infrared  as  the  temperature  increases.  The 
room  temperature  fluorescence  pear*  is  about  /50G4,  which  Is  clearly  unsuitable  for  the 
display.  However,  according  to  Pringsheim^  Sm2+  fluoresces  at  6200 A  for  which  =  0.38. 
'Ik is  w  ould  be  a  perfectly  suitable  wavelength,  but  Pringsheim’s  book  is  not  clear  which  host 
material  results  in  this  fluorescence  wavelength,  although  it  is  probably  one  of  the  alkali 
halides.  It  is  currently  felt  that  the  Sm2+  ion  offers  the  only  worthwhile  possibility  lor  use  as 
a  display  material  among  the  RE2+  ions.  However,  rso  definite  conclusions  can  be  drawn 
without  further  investigations. 


4.2.3  Other  Solid  Display  Media 


It  is  knowm  that  a  number  of  other  ions,  particularly  those  In  the  3d  period,  fluoresce  in 
various  solid  matrices.  However,  no  reasonable  SEF  scheme  was  found  for  these  ions  and 
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no  experimental  display  work  has  been  done  on  them.  An  article  by  M.  R.  Brown  and 
W.  A.  Si  and  discussed  these  ions  but  presented  no  hope  for  their  use  in  the  SEF  display.  ** 

4.2.4  Organic  Molecules 

Organic  molecules  offer  certain  clear  advantages  in  any  device  application.  Sufficiently 
small  changes  can  be  made  in  molecular  structure  to  provide  virtually  a  continuum  of  prop¬ 
erties  within  a  range  reasonable  for  organics.  The  organic  modules  are  convenient  for  gas 
phase  work  since  their  vapor  pressures  are  high  when  compareo  with  thn+  vf  inorganic  soe- 
cies  of  similar  molecular  weight.  This  is  a  consequence  of  weak  bonding  in  organic  molec¬ 
ular  crystals  versus  the  bonding  in  covalent  or  ionic  crystals. 

The  spectral  properties  of  organic  molecules  can  be  described  in  terms  of  the  generic 
energy  level  diagram  of  Figure4-2.  The  S0^Sj^S2  and  Tj^iT2  transitions  are  allowed. 

The  Sj-^Sq  decay  usually  is  responsible  for  fluorescence.  This  is  because  nonradiative  de¬ 
cays  within  the  singlet  manifold  and  intersystem  crossing  from  the  triplet  to  singlet  levels 
depopulate  all  but  the  and  Tj  levels.  The  Ti~>S0  decay  and  Sj->-  SQ  decay  both  can  pro¬ 
duce  visible  radiation.  However,  since  almost  any  excitation  of  the  molecule  results  in  these 
outputs,  they  are  not  suitable  outputs  for  an  SEF  scheme.  Only  one  case  of  S2  -*Si  floures- 
cence  has  been  reported  (in  the  azulene  compounds),  however,  no  reasonable  SEF  scheme 
exists. 

Tlie  only  other  viable  scheme  for  utilizing  organic  molecules  is  to  use  the  T2-*Tj  fluo¬ 
rescence.  This  has  been  observed  in  rubrene.  Two  excitation  schemes  are  possible,  both 
using  the  Tj  level  as  the  metastable  state.  This  can  be  populated  by  direct  S0-*Tj  absorp¬ 
tion  or  by  the  addition  of  a  sensitizer  to  the  molecule.  As  shown  in  the  figure,  the  second 
step  is  a  Tj-*T2  absorption.  By  virtue  of  nonradiative  decay  in  the  T2  manifold  the  T2  -*•  Tj 
emission  is  separated  from  the  pump  wavelength  by  several  hundred  angstroms.  This  sys¬ 
tem  should  be  investigated. 

4.2.5  Monatomic  Gases 

Because  of  their  superior  optical  quality,  ease  of  preparation,  and  reduced  cost,  it  be¬ 
came  evident  that  gases  were  to  be  preferred  over  solids  or  liquids  as  the  ultimate  display 
medium.  In  addition,  each  of  the  spectroscopic  characteristics  required  of  a  superior  dis¬ 
play  medium  are  individually  realized  in  many  gases.  Careful  analysis  and  consul¬ 
tation  with  a  number  of  eminent  spectroscopists  (most  extensively  with  H.  Broida,  Univ.  cf 
California  and  K.  N.  Rao,  Ohio  State  Univ.)  resulted  in  the  conviction  that  there  was  no  in¬ 
trinsic  prohibition  against  these  characteristics  existing  in  the  proper  combination  in  a  sin¬ 
gle  gas.  Since  there  »^as  virtually  no  coherent  background  of  literature  on  excited  state  ex¬ 
citation  mechanisms  in  gases  allowing  for  onaracterization  of  SEF  efficiencies,  with  a 
screening  process  was  initiated.  This  screening  process  was  designed  to  eliminate  from 
further  consideration  those  gases  shown  «?  be  unsuitable  on  tl;e  basis  of  other  well  koow 
properties.  This  screen.ng  process  utilized  as  baste  criteria  ne  density  cf  the  gas  a» 
reasonable  temperatures,  the  energy  of  tuo  first  excited  state,  and  the  presence  of  visible 
fluorescence. 
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Figure  4-2.  Typical  Organic  Module  Singlet  and  Triplet  Manifoids 

Diagram  of  the  singlet  and  triplet  manifolds  of  a  typical  organic  molecule  showing  the  SEF 
scheme  suggested  for  rubrene.  The  width  of  the  electronic  levels  is  due  to  a  vibrational  and 
rotational  substructure  which  is  not  shown  explicitly. 
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Among  the  monatomic  vapors,  the  minimum  density  criteria  eliminated  all  bu*  the  noble 
gases  and  Hg.  The  noble  gases  hrve  their  first  excited  state  in  the  vacuum  ultraviolet  re¬ 
gion  and  must  therefore  be  discarded  since  no  corresponding  lasers  exist.  Na,  K,  Rb,  and 
Cs  have  similar  chemical  and  spectroscopic  properties.  Based  on  several  arguments  all 
may  be  eliminated  from  consideration.  First  of  all,  temperatures  on  the  order  of  500°K  are 
required  to  reach  the  necessary  density.  Since  these  elements  are  highly  reactive,  the  ele¬ 
vated  temperatures  are  expected  to  result  in  severe  containment  problems.  Furthermore, 
sodium  is  the  only  member  of  this  group  with  a  bright  visible  fluorescence.  Since  this  fluo¬ 
rescence  originates  from  the  first  excited  state,  severe  single  beam  excitation  problems  arc 
likely.  Consideration  of  the  sodium  energy  level  diagram  reveals  no  promising  SEF  scheme. 

Mercury  is  the  only  remaining  monatomic  vapor.  It  previously  had  been  dropped  mom 
consideration  for  a  number  of  reasons.  The  most  notable  fact  is  that  its  lowest  excited  state, 
63P0,  lies  2656 A  above  the  ground  state  and  is  therefore  well  beyond  the  range  of  available 
lasers.  However,  the  advent  of  a  tunable  dye  laser  with  a  short  wavelength  limit  of  2"50A 
{Chromatix  Model  1050)  makes  it  advisable  to  reconsider  this  material. 

The  vapor  pressure  of  mercury  is  such  that  the  minimum  required  density  is  exceeded 
at  30°C.  The  spectroscopy  is  exceedingly  well  known,  and  the  formation  of  a  visible  spot  by 
the  SEF  process  was  demonstrated  in  1963. 4  The  excitation  scheme  used  is  illustrated  in 
Figure 4-3.  The  2537A  line  excites  the  atom  from  the  61SC  ground  state  to  the  63Pj  excited 
state.  A  collisional  deexcitation  to  the  metastable  63P0  level  then  occurs,  followed  by  the 
second  excitation  with  4047 A  radiation  exciting  the  atom  to  the  73Si  level.  The  output  at 

O  o  ’  A 

546 1A  accompanies  the  decay  to  the  6JP^>  level.  Zito  ard  Schraeder  report  a  conversion  ef¬ 
ficiency  for  this  scheme  which  is  several  orders  of  magnitude  better  than  we  have  obtained 
with  the  rare-earth  ions.  This  is  due  to  the  fact  that  the  63P&  -*■  73S*  transition  is  highly 
allowed. 

1  o 

Our  initial  calculations  indicated  an  aosorption  length  of  less  than  0. 2  cm  for  the  2537A 
pump  at  room  temperature.  Efficient  pumping  of  a  reasonable  volume  is  possible  only  by 
utilizing  the  wings  of  the  absorption  line,  the  approach  used  b>  Zito.  A  better  approach 
might  be  to  populate  the  63PQ  level  directly,  since  the  6*S0->  <>3P0  transition  at  2656A  is 
weaker  than  the  6lS0  *♦  63Pi.  Unlike  the  2537A  line,  it  has  the  additional  advantage  of  lying 
within  the  range  of  the  Chromati:.  laser.  We  ha”e  not  been  able  to  find  a  value  for  the 
strength  of  this  transition  in  the  literature  reviewed  to  daie  but  we  have  not  yet  made  a  com¬ 
plete  search. 

There  are  a  number  of  difficulties  essor  i;«ted  with  the  nse  or  atomic  mercury  as  a  display 
medium.  The  most  obvious  problems  result  fru.n  very  narrow  absorption  linewidrbs  ( ~  5  y 
103  Hz  or  10-2A  at  room  temperature).  Inis  means  that  a  spectrally  very  narrow  pump 
beam  with  a  high  degree  n‘  stalil.ty  must  be  used.  The  use  of  a  spectrally  br  oader  ;«mp 
would,  of  course,  result  in  inefficiencies  since  most  cf  the  pump  energy  would  lie  outside 
the  absorption  line.  Uy„'  lasers  of  the  required  s‘..»bi’itv  and  linewidth  dc  exist  at  longer 
wavelengths,  but  not  yet  at  the  u.  v.  w-v  clength  rc-q;. u^d  >y  mercury* 
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Another  potential  problem  with  mercury  is  the  possibility  of  the  photochemical  forma¬ 
tion  of  dimers  with  an  atiendent  emission  of  vis  Die  radiation ,  Selection  of  a  suitable  buffer 
gas  probably  will  minimize  this  problem,  fhe  basic  questions  tc  be  ansysred  in  the  evalua¬ 
tion  of  mercury  as  an  SEF  display  medium  are;  Can  the  €^P0  level  be  populated  directly, 
and  what  is  the  proper  buffer  gas,  The  major  experimental  problem  is  expected  tc  be  the 
construction  of  a  suitable  ultraviolet  pump.  At  2o37A,  fig  lamps  probably  ’-dll  have  to  be 
us*k* >  At  P.C6 6A  the  only  commercial  source  is  the  $40,009  Chi  omatix  dye  laser,  ft  *r.ay  be 
possible  to  construct  a  less  expensive  laser.  Because  of  die  vety  narrow  linewidthr,  ther¬ 
mal  sources  are  not  expected  to  he  useful  even  for  orper  .'menial  work. 

4,r.9  Diatomic  Oases 

Hie  paucity  of  suitable  -rom-tomic  gases  led  Uo  to  extend  tl.e  search  for  3:i  display  tr.-idia 
to  the  diatoicics.  The  same  sort  of  screening  procedure  was  ucea,  a^-d  a  ncm:.‘er  of  poten¬ 
tial  display  media  have  been  identified.  An  immediate  advartage  of  tne  diatomic 2  is  .hat  the 
vibrational  and  rotational  degrees  of  freedom  add  sufficient  effective  width  to  the  eie^roric 
transitions  sigc:?icantl>  reducing  the  l;*«vr  v^oblem 

The  groups  of  diatomic  molecules  which  were  originally  considered  were: 

..  Diatomic  halogens,  Iftv.  I2,  Ci  and  F  >  • 

•  Diatomic  mixed  halogens  srih  as  Id,  I  hr,  ukj  C7F 

•  Distom.c  ilkall  meta*3,  Cc.}:  Ri\.,  K0,  and  Na^ 

•  Diatomic  mixed  alkai-  metals  .such  as  C’sRb  and  NaK 

•  Diatomic  mercury,  Hg.-,  and  l.ieicary  alkali  metal  diatc  mes  such  ae  CsHg,  RbFg. 
and  KHg 

9  Diatomic  S2>  Se2,  and  T.*c 

•  Diatomic  N2,  H2,  CC,  aTH* 

Bccauae  of  case  of  handling,  chemical  et°h;iity,  availability  and  known  visible  fluores¬ 
cences,  fhe  diatc.ir.it.  ealogen-3  were  selected  ior  initial  suidy.  The  iodine  molecule  was  cho¬ 
sen  for  the  fust  detailed  cakalarions  since  its  spectroscopy  is  best  loim.n  of  all  the  diatomic 
halogens.  It  was  concluded  that,  within  the  limits  of  reliaoiHty  set  by  the  estimates  of 
certain  unmeasured  spectroscopic  parameters,  the  iodine  molecule  has  a  high  probability  of 
being  successfully  used  as  *he  display  medium  in  a  moderate  size  display.  The  main  draw¬ 
back  of  the  iodine  molecule  seemed  to  be  a  rather  low  excited  state  transition  probability. 
This  problem  ci_n  be  rllei-iated  by  the  subsequent  use  of  a  heteronucleai  molecule  such  as 
ICl. 
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The  result*  of  the  calculations  and  the  fact  that  the  Ip.  and  IC1  molecules  require  pump 
wavelengths  in  the  infrarod  region  covered  by  available  tunable  lasei  s  (e.  g. ,  the  Chromatix 
parametric  oscillator),  indicate  that  these  molecules  should  be  in- 'estimated. 

4.3  SUMMARY 

Solids  doped  with  tr;valem.  rare  earth  ions  are  the  only  materials  for  which  we  have  com¬ 
plete  SEF  data.  These  are  relatively  poor  display  materials  since  the  ground  and  excited 
stato  absorptions  are  forbidden  transitions  with  approximately  equrd  absorption  cross- 
sections.  For  example,  if  used  with  1  wart  la**  „r s,  GaiF*>:k.:-~  '  has  a  Z-value  of  2  x  10^^. 

The  oscillator  strength,  which  is  the  basic  measure  ot  transition  probability,  is  about  10  "6  for 
tri valent  rare  earth.  Oscillator  strengths  of  unity  are  possible  and  a^e  observed  in  many 
material?.  Furthermore,  the  line  -vi.jih  of  the  loiic  absorption  in  solids  is  on  the  order  of 
hundreds  ct  An' strum  units.  The  absorption  croes-sc  etion  i*  propo^lionvl  to  *he  line  width, 
and  widths  of  U.1A  are  possible  in  gases,  Therefore,  8  or  9  orders  of  magnitude  improve¬ 
ment  in  material  characteristics  should  be  obtainable  so  that  it  is  reasonable  to  think  of  Z 
values  ot  10~2  nei-ig  exceeded  by  several  orders  of  magnitude  with  1  watt  of  average  pump 
pew  .v 


Tne  possibilities  fur  continued  materials  research  are  summarized  in  Tabled-!,  it  should 
be  emphasized  that  in  estimating  the  'ilfimate  performance  of  the  materials  listed,  appro¬ 
priate  lasers  have  been  assumed. 

In  making  revommendaaons  for  the  optimum  path  to  follow  in  continuing  the  material  re¬ 
search  program,  H  is  necessary  to  define  specific  goals  or  a  set  of  ground  rules  to  aid  in  the 
cWisiea  making  process.  These  goals  must  be  established  with  materials  research  consid- 
erec  as  part  of  a  system  development  program.  Consequently,  research  priorities 
must  bo  influenced  by  the  projected  availability  of  compatible  components.  Therefore,  the  rec¬ 
ommended  path  may  change  drastically  as  tne  state  of  knowledge  of  materials,  lasers,  and 
deflectors  advances. 

A  materials  research  program  should  be  guided  by  the  short  range  goal  of  achieving  the 
First  Interim  Display  (500,  2  ft-Lambert  spots)  while  at  the  same  time  demonstrating  the 
capacity  of  the  materials  tc  achieve  at  least  the  performance  level  of  the  Second  Interim 
Display  (5000t  30  ft-Lambert  spots).  It  is  apparent  that  the  trivalent  rare-earths  and  TM 
should  be  eliminated  from  consideration.  Mercury,  a  material  in  which  SEF  behavior  has 
been  demonstrated,  presents  severe  light  source  difficulties  both  for  ex  cumental  work  and 
for  the  ultimate  display.  Theicfore,  experimental  work  on  mercury  should  be  deferred. 
However,  since  the  literature  on  mercury  is  extensive,  a  man  month  of  literature  work 
and  calculations  pr obably  will  allow  an  accurate  assessment  of  the  potential  of  this  material. 
Attention  should  be  paid  to  estimating  the  magnitude  of  deliterious  effects  resulting  from 
chemical  interactions  of  excited  states.  After  this  preliminary  study,  the  decision  to 
pursue  an  experimental  program  could  be  made  when  light  sources  become  available. 
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Table  4-1.  Summary  of  Mater' .d  Research  Possibilities 
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Another  man  month  could  be  well  spent  in  assessing  the  potential  of  Sm2+.  The  experi¬ 
ments  are  not  difficult  and  the  potential  payoff  is  quite  high,  especially  since  a  solid  display 
medium  could  be  quite  suitable  for  a  panel  mounted  cockpit  display.  The  experimental  pro¬ 
gram  would  consist  of  verifying  the  results  alluded  to  in  Pringsheim's  book,  and  searching 
for  the  metastable  excited  state  of  Sm2+  in  those  hosts  in  which  the  ion  exhibits  visible  fluo¬ 
rescence.  Some  time  and/or  money  would,  of  course,  have  to  be  devoted  to  material  prep¬ 
aration.  This  should  not  exceed  the  equivalent  of  a  man  month  of  effort. 

The  organic  molecules  represent  an  area  with  a  high  potential,  but  one  in  which  the  prob¬ 
lems  are  relatively  poorly  defined.  Modifications  of  the  rubrene  structure  should  be  inves¬ 
tigated  as  well  as  appropriate  sensitization  procedures.  Calculations  have  not  yet  been  done 
on  a  specific  molecule  and  our  state  of  knowledge  is  rather  primitive.  The  decision  to  under¬ 
take  a  full  experimental  program  should  be  preceded  by  two  man  months  of  preliminary  mea¬ 
surements  a\d  calculations. 

The  preliminary  work  suggested  for  the  organic  molecules  already  has  been  done  for  I2 
and  the  results  are  quite  favorable.  A  display  of  several  hundred  spots  should  be  possible 
using  i^,  and  several  thousand  using  IC1.  The  reason  for  including  I2  in  the  experimental 
program  when  we  feel  that  IC1  has  a  higher  potential,  is  that  the  spectroscopy  of  I2  is  bet¬ 
ter  known  and  its  inclusion  in  the  program  will  allow  a  more  systematic  procedure  to  be 
followed.  The  major  component  problem  in  a  display  utilizing  the  halogen  molecules  will  be 
the  two  to  three  micron  lasers  which  are  expected  to  be  required  for  the  excited  state  pump. 
However,  currently  available  parametric  oscillators  will  be  suitable  for  the  experimental 
work,  and  the  reasonably  broad  linewidths  encountered  in  these  molecules  at  room  tempera¬ 
ture  should  facilitate  the  development  of  lasers  suitable  for  the  display.  Major  effort  should 
therefore  be  devoted  to  the  study  of  these  molecules  at  the  present  time. 
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SECTION  5 


5.  .BEAM  DEFLECTORS* 

5.1  CRITERIA 

The  function  of  ihe  bsam  deflectors  **s  to  cause  the  outputs  of  the  energy  sources  to 
srriv*-.  at  th'-  proper  point  of  intersection  within  the  display  volume.  There  are  a  variety  of 
phvsical  mechanisms  which  may  be  employed  to  create  the  required  deflection.  They*  maj 
be  evaluated  according  to  tho  following  criteria. 

5. 1. 1  Two -axis  Operation 

.t  he  sy stern  requires  that  each  of  the  pump  beams  be  able  to  be  scanned  in  both  azimuth 
and  elevation,  The  deflector  therefore  must  be  intrinsically  capable  of  two-axis  deflection 
or  it  mus<  be  possible  to  cascade  two  orthogonally  oriented,  single-axis  deflectors. 

5.1.2  Random  Access 

The  deflectors  mmi  be  designed  for  random  access  rather  than  raster  scan  operation, 

The  reason  for  this  car.  he  seen  from  the  following  example.  Consider  a  display  with  200 
resolution  elements  per  axis  or  S  x  10^  possible  writing  locations  in  the  volume.  Assume 
that  1C4  of  these  are  being  written  in.  If  a  raster  scan  is  used  and  the  display  is  refreshed 
30  times  per  second,  then  each  clement  i<?  allotted  •*  x  10"9  second  per  writing  event.  Tae 
laser  pulses  must  therefore  be  synchronized  to  nanosecond  accuracy  which  is  not  a  reason¬ 
able  )  equirement.  In  rddition,  «■; nee  only  a  small  fraction  of  the  possiole  spoi  locations 
are  being  written  in,  either  the  laser  must  br  pulsed  irregularly  or  an  attenuator  must  be 
used  to  b’oek  off  the  beam  when  an  "empty"  location  is  addressed.  The  irregular  pulsing 
situation  probably  will  result  in  nestable  ’asev  outputs.  The  use  of  an  attenuator  in  the  pres¬ 
ent  example,  will  waste  99. 5%  of  the  laser  light. 

Random  access  operation,  on  the  other  hand,  allows  3  psec  per  writing  event  and 
regular  laser  operation  with  no  waste  of  laser  power, 

A  possible  method  for  avoiding  ghosts  in  the  display  volume  would  be  to  use  a  semi¬ 
raster  scan.  This  would  minimize  the  possibility  of  the  excited  state  pump  overlapping  the 
region  previously  pumped  by  the  ground  state  pump,  but  wouid  require  pre-sorting  of  the  data. 

5.1.3  Wavelength 

The  deflector  must  operate  a'  flu.-  optical  wavelength  required  by  the  display  material. 

Seine  dt-flectors  are  exceedingly  broadband.  Others  have  a  wavelength  range  which  may  be 


*  Come  of  the  information  in  this  section  was  develojted  by  Battel1  e  Columbus  Laboratories 

under  sponsor  si.  ip  ■  >{  the  Air  Force  Avionics  Laboratory  under  Contract  Number  F  32815- 
72-C-14S-1. 


limited  by  absorption  in  the  deflector  or  the  power  required  to  deflect  the  beam  is  a  function 
of  the  wavelength. 

5.1.4  Random  Access  Time 

The  number  of  events  per  second  is  MR,  so  the  time  per  event  is  [MR]  *.  As  indicated 
in  Table  4-1,  this  tim  ?  ranges  from  5  msec  to  0.67  Msec.  In  each  case  the  random  access 
time  must  be  somewhat  less  than  [MR]“1  to  allow  time  for  the  writing  to  occur. 

5.1.5  Resolution 

Again  referring  to  Table  4-1,  it  can  be  seen  that  resolution  of  up  to  300  resolved  spots 
per  axis  .s  required. 

5.1.6  Pointing  Accuracy 

The  pointing  accuracy  should  be  considerably  better  than  a  spot  diameter.  There  are 
two  reasons  for  this.  The  first  is  that  when  angle  deflection  is  used,  angles  intermediate 
to  those  defining  the  spot  location  centers  on  the  entrance  face,  must  be  used  to  address 
locations  deeper  within  tiie  volume  of  the  display.  Second,  and  most  important,  is  the 
requirement  that  the  pointing  accuracy  be  sufficient  to  guarantee  good  registration  of  the 
two  pumping  beams. 

The  registration  problem  has  been  investigated  quantitatively  by  assuming  two  beams  of 
Gaussian  energy  cross  section.  For  orthogonal  beams,  the  spot  size  and  shape  is  independ¬ 
ent  of  beam  misregistration.  The  effect  of  misregistration  on  brightness  is  shown  in  Figure 
>1,  It  can  be  seen  that  the  brightness  is  a  rather  insensitive  function  of  registration.  In 
general,  pointing  accuracies  of  0.1  spot  diameter  should  be  quite  sufficient. 

5.2  DEFLECTOR  TECHNOLOGY 

5.2.1  Mechanically  Driven  Mirrors 

Mechanically  driven  mirrors  are  the  simplest  of  the  available  beam  deflectors.  They 
have  the  advantage  of  being  essentially  lossless,  but  suffer  from  a  rather  slow  response 
time.  Two  basic  types  are  available,  galvanometer  driven  and  piezoelectrically  driven. 

S«'nce  «.he  knvest  natural  frequency  of  a  unit  is  some  measure  of  its  time  response  in  random 
access  operation,  it  is  of  interest  to  note  that  available  piezoelectrically  driven  units  have  a 
lowest  natural  frequency  of  approximately  12  KHz  compared  to  approximately  3  KHz  for  gal¬ 
vanometer  units.  For  a  30/sec  refresh  rate,  this  corresponds  to  400  and  100  soot  maximum 
capability,  respectively. 

A  complicating  factor  in  the  galvanometer  drive  is  its  susceptibility  to  hysteresis  effects 
which  in  some  units  are  as  large  as  4  percent.  Since  the  higher  response  galvanometer  units 
lack  some  internal  means  of  position  sensing  to  overcome  the  hysteresis  induced  error. 
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it  is  necessary  to  always  approach  a  newly  commanded  deflection  angle  from  the  same 
direction.  This  has  the  effect  of  reducing  the  hysteresis  induced  error  to  acceptable 
levels  at  the  expense  of  nearly  doubling  random  access  time  of  the  galvanometer  drive. 
In  the  piezoelectric  drive,  this  complication  is  circumvented  by  active  position  sensing. 


Another  usual  characteristic  of  high  response  mechanical  mirror  drives  is  highly  under¬ 
damped  operation.  This  has  the  effect  of  producing  slowly  decaying  oscillations  about  the 
mean  orientation.  The  effect  of  such  oscillation  would  be  to  enlarge  the  apparent  size  of 
the  generated  spot  and  decrease  its  boundary  definition  or  cause  misregistration.  Since 
this  would  degrade  the  viewing  characteristics  of  the  display,  additional  damping  would  be 
required,  decreasing  the  drive  response. 

5.2.2  Electro-optic  Deflectors 

Both  analog  and  digital  electro-optic  deflectors  are  now  under  development.  In  the 
digital  type  *  each  stage  is  composed  of  a  polarization  switch  and  a  birefringent  element 
as  in  Figure  5-2.  The  switch  chooses  one  of  two  orthogonal  polarization  states  which  have 
different  paths  in  the  birefringent  crystal. 

For  a  system  with  n  spots  per  axis,  there  must  be  p  binary  stages  where  n  =  2*>.  Thus 
for  a  display  with  256  spots/axis,  an  eight  stage  per  axis  deflector  is  required,  so  each 
beam  must  go  through  16  deflection  stages  to  effect  two-axis  deflection.  The  losses  and 
the  problem  in  cascading  the  two  deflectors  using  such  an  approach  may  be  prohibitive. 
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Figure  5-2.  Typical  Stage  of  a  Digital  Electro-Optic  Position  Deflector 

One  form  of  analog  electro-optic  deflector  which  has  been  successfully  demonstrated  2  is 
illustrated  in  Figure  5-3.  Through  a  series  arrangement  of  electro-optic  prisms,  a  light 
beam  is  deflected  by  varying  the  refraction  index  of  each  prism.  The  deflection  of  the  prism 
is  controlled  by  applying  an  electric  field  to  its  top  and  bottom  electroded  faces.  Alternating 
the  electro-optic  polarity  of  the  prisms  allows  all  prisms  to  be  excited  from  a  single  polarity 
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electric  field  providing  alternate  index  variations.  This  configuration  yields  an  output  contin¬ 
uously  controllable  in  position  beam,  in  contrast  to  the  discrete  beam  positioning  capability 
of  the  previously  discussed  digital  electro-optic  deflector. 


HIGH  VOLTAGE 
ELECTRODE 


ELECTRODf  5156  3 

Figure  5-3.  Refraction  of  a  Light  Beam  Traversing  an  Iterated  Electro-optic  Angular 
Deflector 

Both  types  of  electro-optic  deflectors  have  inherent  limitations  for  SEF  use.  Although 
multistage  digital  deflectors  have  been  built  with  resolutions  in  excess  of  250  selectable 
beam  positions  and  random  access  response  of  less  than  10  microseconds,  they  are  princi¬ 
pally  limited  by  relatively  low  optical  transmission  efficiency  and  the  necessity  for  high- 
voltage  drive  electronics  for  each  deflector  stage.  Similarly,  better  than  300-spot  resolu¬ 
tion  has  been  demonstrated  in  the  prism  type  of  electro-optic  deflector.  Although  the  prism 
type  of  deflector  exhibits  a  respectable  optical  efticiency  of  60  percent,  it  suffers  from  high 
load  capacitance.  This  both  limits  random  access  times  ana  increases  the  complexity. 

5.2.3  Acousto-optic  Deflector  c 

Several  types  of  acousto-optic  beam  deflectors  (AOBD)  are  commercially  available  which 
are  well  suited  for  use  in  most  of  the  SEF  displays  described  in  Table  4-1.  The  AOBD  con¬ 
sists  of  an  ultrasonic  transducer  bonded  to  a  suitable  transparent  material.  The  transducer 
sets  up  ar  ultrasonic  wave  in  the  material  which  causes  a  periodic  variation  of  the  index  of 
refraction  of  the  acousto-optic  medium.  This  so-called  ’’phase  grating”  is  useu  to  diffract  the 
incident  light  wave  via  the  Bragg  effect.  The  scattering  angle  is  determined  by  the  ultrasonic 
wavelength  in  the  cell.  The  fraction  of  the  incident  light  scattered  is  determined  by  the  am¬ 
plitude  of  +he  ultrasonic  waves.  The  AOBD  therefore  may  be  used  both  as  a  deflector  and  as 
a  modulator. 


Deflector  resolution  and  bandwidth  are  interrelated  by 


X 

r 


Td 

a 


Af, 


(1) 


where  T(j  is  ihe  acoustic  Usnsit  time  across  the  optic  aperature  d,  and  Af  is  the  available 


bandwidth  of  ultrasonic  excitation.  For  uniform  illumination  of  the  deflector  aperture  a  -  2, 
while  for  a  circular  Gaussian  beam  profile  clipped  at  its  l/e^  intensity  points,  a  ss  1.3. 

The  close  relationship  between  deflector  resolution  and  the  sonic  transit  time  across  the 
optical  aperture,  which  is  directly  related  to  random  access  time,  results  in  a  tradeoff  in 
AOBD  design.  Acousto-optic  deflectors  are  commercially  available  for  operation  in  the  visi 
ble  spectrum  having  random  access  times  as  short  as  1  microsecond  and  resolutions  oi  100 
equivalent  Rayleigh  spots.  At  the  other  end  of  the  spectrum  are  commercially  available 
units  having  resolutions  of  575  spots  and  random  access  times  of  approximately  10  micro¬ 
seconds. 

The  fractional  light  intensity  of  the  deflected  beam  I  compared  to  the  input  beam  intensity 
Io  depends  both  upon  acoustic  power  Pa  and  the  wavelength  A  of  the  light  beiner  deflected:  ^ 


Light  deflection  efficiencies  are  a  reasonably  linear  function  of  power  u"  to  70  to  75  percent 
after  which  the  nonlinearity  of  the  sin^  function  becomes  important.  Also,  for  deflection  of 
longer  wavelength  optical  beams,  as  indicated  by  equation  2,  the  acoustic  power  drive  must 
increase  as  the  square  of  the  wavelength  optical  beams,  as  indicated  to  maintain  the  same 
deflection  efficiency,  all  other  things  being  equal. 

As  a  consequence  of  the  inter deoendnnee  of  power  and  wavelength,  acoustic  power  drive 
must  be  increased  lor  efficient  deflection  of  infrared  beams-  Minimum  deflection  efficiencies 
of  50  percent  ara  available  -  arrentlv  in  commercial  cells  of  J 00- spot  resolution,  c'fer  the 
inirared  wavelength  range  up  to  1. 06 A*  .  Cells  suitable  for  deflection  of  beams  with  wave¬ 
lengths  as  long  as  2p  c-een.  to  be  veil  within  tfc:  bonds  of  existing  technology.  For  longer  wave 

o lengths,  the  use  of  germanium  as  a  deflector  malerial  is  beaig  explored. 

5.T.  SUMMARV 

The  acousto-optic  beam  deflector  currently  has  capabUities  sufficient  »o  implement  the 
first  three  displays  in  the  hierarchy.  The  requirements  of  the  50,000  spot  display  will  r.ot 
be  met  by  the  current  generation  of  AOBOs.  To  meet  these  specifications  with  a  single  AOBD, 
a  ieflecvor  material  with  greatly  improved  characteristics  will  be  required.  If  this  material 
is  r.ot  forthcoming,  a  cascaded  system  consisting  of  3  AOEl)  for  gresr  del  lection  aa<i  an 
electro-optic  deflector  for  rapid  character  or  3hort  line  generator  could  be  considered. 

Such  a  system  should  be  sufficiently  fast  to  satisfy  even  the  requiremen:  s  of  the  50.000  spot 
display.  Cl  coarse,  using  the  character  generator  to  some  extent  will  sacrifice  complete 
random  <Ccers  operation  but  this  should  r.ot  be  a  serious  problem. 
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SECTION  6 


i 

6,  ENERGY  SOURCES 


6-1  CKiTERjA 

The  function  of  the  energy  sources  is  to  excite  a  well  defined  spot  in  the  display  medium 
to  the  proper  fluorescent  level.  To  do  this,  tfcp  energy  sources  must  satisfy  a  .mmber  of  cri¬ 
teria.  These  will  depend,  to  some  extent,  upon  the  specific  display  ired.uin  and  the  desired  , 
display  characteristics.  However,  some  general  criteria  can  be  used  to  define  the  energy 
source  problem. 

6..'.1  Wavelength 

It  is  desirable  to  use  pump  beams  which  are  not  in  the  :cs:bl/'  region  ci  the  spectrum. 
Furthermore,  the  lumber  of  undesirable  ^vocesses  which  may  occur  .v.'Il  bs  minimis  ed  if  tna 
lowest  possible  photon  energv  is  used.  The  lover  limit  is  set  by  two  factors.  First,  if  -.we 
states  are  s  parated  in  energy  by  less  Him  about  7  kT,  there  will  be  sl%<iiiie?nt  thex nai  pop¬ 
ulation  of  the  ;:poer  level  whir1*  will  lead  in  unwanted  fluorescence.  The  wavelength  corres¬ 
ponding  to  this  en;  rgy  (1400  cm*  i,c  7  microns. 

A  slightly  more  srvere  upper  limit  on  the  wavelength  is  set  by  the  requirement  that  the 
output  wavelength  be  sufficiently  far  removed  from  either  of  the  pump  wavelengths  so  that 
they  may  be  easily  separated  by  absorption  filters.  If  a  minimum  value  of  500 A  is  chosen, 
limn  '.he  longest  pump  wavelength  for  a  display  emitting  green  light,  must  be  less  than  6.4p. 
Th.s  will,  of  coarse,  allow  the  other  pump  to  be  in  the  visible  region.  The  requirement  that 
neither  pump  be  visible  means  that  the  shortest  wavelength  is  0.7p,  so  for  a  green  display 
the  largest  will  be  2. 4g.  The  range  0.7p  to  2.4g  therefore  is  the  ideal  range.  Wavelengths 
out  to  o.  4p  m3y  be  utilized  if  the  concomitant  disadvantage  of  having  one  visible  pump  can  be 
tolerated.  The  specific  wavelengths,  of  course,  will  be  determined  by  the  display  medium. 

i 

6.1.2  Lincwidth  and  Stability 

The  linewidth  and  wavelength  fluctuation  of  the  pump  beams  must  be  less  than  the  width 
o:  the  absorption  line.  Excessive  spectral  width  will  result  in  part  of  the  beam  being  unab¬ 
sorbed  and  therefore  wasted.  Lack  of  stability  will  result  both  in  wasted  energy  and  fluctua¬ 
tions  of  display  brightness. 

The  minimum  possible  absorption  linewidth  is  that  due  tc  the  Doppler  broadening  of  an 
atomic  transition  of  a  room  temperature  monatomic  gas.  This  linewidth  is  given  by  the 
expression. 


where 


is  the  wavelength  of  the  center  of  the  line  and  c,  R,  1  and  M  are  the  speed  of 


light,  universal  gai  constant,  absolute  temperature  and  molecular  weight  respectively.  It 
can  easily  he  s ?en  that,  tor  atomic  mercury  at  room  temperature  a  2500 X  absorpti  on-line 
will  have  a  width  of  2,2  x  10' 3 A.  For  molecular  iodine,  the  Doppler  width  of  an  3000A  line 
would  be  6.2  x  Ir»"3X. 

The  next  broadening  mechanism  which  must  be  considered  is  pressure  broadening.  Add¬ 
ing  one  atmosphere  of  argon  to  a  room  temperature  mercury  vapor  2  has  the  effect  of  in¬ 
creasing  the  lioewidth  of  0. 02A.  Larger  effects  are  expected  in  iodine  or  more  complicated 
molecu'as  with  linewidths  up  to  several  hundred  angstroms  being  observed  in  solids.  Thus 
;he  minimum  pump  linewidih  required  will  be  on  the  order  of  O.QlX,  with  larger  values  be¬ 
ing  acceptable  for  other  materials. 


6.  i.3  Pulse  Rate  and  Fulso  Width 

Pulsed  excitation  is  desired  both  because  it  is  the  most  efficient  way  to  perform  the  se- 
cuer-tial  excitation  and  because  there  is  a  pause  between  pulses  during  which  the  deflectors 
can  be  swi.ehed  tc  a  new  position.  The  required  pulss  rate  is  MR  pulses/sec  and  obviously 
depends  upon  the  specific  display.  Values  of  MR  in  Table  4-1  range  from  200  to  1.5  x  10 
per  second. 

The  entire  price  sequence  must  be  over  in  a  time  less  than  the  shorter  of  77,  or  (MR)-1. 

6.1.4  Optica]  Quality 

The  pump  beams  must  ee  of  sufficient  optical  quality  to  allow  the  formation  of  a  spot  by 
the  SEI-  process  at  any  point  iu  the  d3 splay  volume  with  minimal  variation  in  the  spot  size. 
If,  as  previously  discussed,  a  minimum  spot  size  of  C.5  mm  is  desired  and  10%  increase  in 
this  diameter  is  allowed  over  the  display  volume,  then  for  a  2  mm  diameter  gaussian  laser 
beam,  a  1  meter  lens  will  allow  the  use  of  a  20  cm  display  volume.  This  gives  400  resolv¬ 
able  spots  which  is  a  reasonable  value  for  the  upper  limit  of  the  display  resolution. 

'The  use  of  a  beam  of  lc.;s  than  perfect  quality  (i.e. ,  diffraction  limited)  will  result  in 
severe  losses  upon  eollimation  and  will  limit  the  efficiency  of  several  types  of  beam  deflec¬ 
tors.  It  is  possiDlc  to  get  a  diffraction  i::oUed  beam  only  from  a  high  quality  laeer 
operating  i«!  or  close  to  a  single  transverse  mode  (TEMQO). 

6.1.5  Average  Pcv;er 


It  is  anticipated  that,  for  an  effieie.il  display  medium,  one  watt  of  pump  power  incident 
Upon  the  medium  will  culf’Ye  for  a  high  capacity  display.  The  losses  in  the  system  nioui4 
r.ct  exceed  50%,  so  a  laser  power  of  several  waits  should  suffice.  As  the  ratio  of  <*-.  9  to  7  ^ 
becomes  smaller,  if  can  be  shown  that  the  maximum  utilizablc  excited  state  pump  pi-’.cr 
v>c roases.  For  ag<»od  display  imdium,  J|2  should  be  several  watts  while  I23  is  sc  «*»•  d 
miFiwatts. 
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0.2  L/SERS 


It  is  evident  from  the  preceding  discussion  that  the  ‘neryy  Si.-uree  r-'  .'f  b  e;.;unl  v  an  V- 
satisfied  only  by  a  laser.  Even,  if  the  ^ea:..  qi  rdity  problem  ccu'd  uc  sc-ved,  the  linewidtb 
and  average  powe**  requ-rementa  combins  to  give  *  spectral  poivei’  density  which  is  in  gen¬ 
eral  unobtainable  fro ns  ?ny  other  type  oi  so.  -*cf.  The  most  u.  eful  lasers  are  those  which  can 
oe  tui  ed  since  it  is  uare?,.?<m.able  to  ex,>c cr  coincidence  ueh-veen  a  po*""rT  fixac'-wavelengtii 
laser  line  and  the  specrir  wavelength  required  Ly  a  give*  display  material.  For  c^mt'ete- 
ners  fixed  wavelength  lasers  -till  cs  ocuussed  vriefly.  The  several  cl  ,sseQ  of  tunable  lasers 
Mil1  then  he  dealt  with  nc.’  duallv. 


C.2.1  Fixed  Wavelength  Lasers 


In  ..abieC-l  are  Jutec  tho-.e  laser  l.'nes  which  are  eonm'T*. laily  available  witii  average 
powers  greater  C\„a  £-0  mwatic  auc  we  v-a.vclf  ngihs  otiween  0,6/.  an-,  Gp.  Pulse  rates  of  die 
g.t-  lasers  and  cw-pumped  solid  state  lasers  ranging  f-orn  cw  to  lv  MHz  car?  obtained  by 
cavity  dumping  techniques.  3  h>  the  table  only  one  manufacturer  was  ir.dica.ed  for  each  laser 
although  in  some  c»ses  sever  a*  sources  are  available.  The  ruby  lac?  was  not  included  since 
ii  Is  difficult  to  prise  rapidly. 


Ta^’a  6-1.  PotentisJU  ("seful  Vixed- Wavelengths  Lasers 


WaveVogth, 

micron 

Fewer, 
n. waits 

Type 

1 

■  Manufacturer 

2.  1 

if-,  000 

t 

Ho.YAG 

Hughes  (AFAL) 

i. >  '3 

€0 

Nd:YAG 

Chromatix 

i  • 

300 

Nd:YAG 

Chromatix 

3.33  1 

300 

Nd:7AG 

Chron.atix 

l.:Of 

GOO 

Nd:YAG 

Chromatix 

1.1.63 

5U 

He-Ne 
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1,123 

225 

Nd:YAG 

Chromatix 

i.llh 

>25 

Nd:YAG 

Chromatix 

1. 112 

200  I 

Nd:YAG 

Chromatix 

3.074 

200 

Nd:YAG 

Chromatix 

1,064 

1,000 

NdzYAC. 

Chromatix 

1.061 

1  220 

I^dilAG  t 

Clroma^x 

1.052 

150 

NdiYAG 

Chroma!;  x 

6.946 

00 

NdiYAG 

Chromatix 

0.799 

60 

Krypton 

Coherent  P.pdistio:? 

0.752 

2C0 

Krypton 

Coheient  Radiation 

0.679 

100 

NdrYAG 

Chromatix 

0.676 

150 

K  ryptor: 

Coherent  Radiation 

0.667 

150 

Nd:YAG 

Chromatix 

Tab1 1  6-1.  Potentially  Useful  Fixed- Wavelengths  Lasers  (Contd) 


Wavelength, 

micron 

Power, 

mwatts 

Type 

Manufacturer 

0.G59 

150 

Nd:YAG 

Chromatix 

0.64" 

1,000 

Krypton 

Coherent  Radiation 

0.6S3 

50 

He-Ne 

Spectra  Physics 

6. 2. 2  Parametric  Oscillators 

The  optical  parametric  oscillator  (OPO)  is  a  device  which  utilizes  the  nonlinear  polariza- 
ciiity  of  a  noneertrosyminetric  crystal  to  convert  an  incident  laser  beam  into  two  bean's  at 
longer  wavelengths.  The  successful  operation  of  an  OPO  was  first  reported  in  1965.  Sub¬ 
sequent  work  resulted  in  extended  <uning  ranges  and  the  demonstration  of  OPO  action  in  ma¬ 
te).  *als  ether  than  the  prototype  material  LiNbOg.  The  OPO  field  is  one  in  which  a  good 
deal  of  research  is  still  being  done.  A  very  recent  publication  deals  with  a  CdSe,  OPO 
with  outputs  around  2. 2/x  and  in  tne  9.8  to  10. 4/i  region  with  anticipated  2/i  to  4/i  and  8/i  to 
15 pt  tuning  ranges. 


The  output  wavelength  X  s  of  the  OPO  is  accompanied  by  an  idler  atX  j.  These  are  related 
to  the  pump  wavelength  X  p  by 

X  _1  +  X  A  =  X  -1  •  (2) 

s  l  p 

An  additional  eonstramt  "for  cumulative  parametric  interaction  and  thus  significant  gain  is 
that  the  generated  polarization  wave  at  each  of  the  three  frequencies  travel  at  the  same  velo¬ 
city  as  a  freely  propagating  electromagnetic  wave".  ’The  angle  of  incidence  of  the  pump 
beam  and  the  temperature  of  the  OPO  crystal  determine  the  specific  wavelengths  which  sat¬ 
isfy  these  conditions.  The  OPO  therefore  can  be  tuned  by  angle  or  temperature  variation. 

Presently,  only  one  commercial  OPO  manufacturer  exists.  The  available  OPO  has  a  tun¬ 
ing  migfc  of  9.  65/i  to  3/i,  but  average  powers  are  limited  to  less  than  10  mwatts  and  pulse 
races  ar  e  limited  to  1200  pps.  The  tuning  range  is  limited  by  the  characteristics  of  the  OPO 
crystal  (LiNbOg)  and  the  range  of  pump  wavelengths  available  from  the  NdrYAG  laser  used 
to  pump  *he  OPO.  The  power  and  pulse  rate  limitation  arise  from  damage  problems  in  the 
LiNbOg  and  from  the  characteristics  of  the  Nd:YAG  laser.  Currently  up  to  30%  optical  con¬ 
version  efficiencies  are  possible,  and  not  much  increase  in  this  figure  is  anticipated.  How¬ 
ever.  average  powers  of  up  to  1  watt  are  predicted  within  a  five  year  time  period,  probably 
by  increasing  the  size  of  the  parametric  interaction  region  and  increasing  the  damage  resis¬ 
tance  of  the  crystals. 


o 

In  the  1. 7/i  to  3fi  range  the  current  OPO  bandwidth  is  abort  0.004A.  If  the  average  power 
and  pulse  rate  of  this  device  are  increased  as  expected,  it  will  make  an  ideal  pump  for  the 
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SEF  display.  Its  only  drawback  is  the  cost,  which  currently  exceeds  $40,000.  This  cost  is 
expected  to  diminish  over  the  next  few  years,  although  not  to  the  extent  which  the  price  of 
simpler  lasers  have  decreased  in  the  five  year  period  following  their  introduction.  It  is  en¬ 
couraging  that  many  variations  of  the  parametric  oscillator  are  currently  under  investiga¬ 
tion.  New  operating  modes,  8  and  additional  materials  such  as  E^NaNbsO^s  9  and  Ii2 
Ge03  are  the  subject  of  recent  publications. 

6.2.3  Dye  Lasers 

The  first  operational  dye  laser  was  reported  in  1966. '  **  Since  then,  an  enormous 
amount  of  work  has  been  done  on  various  types  of  dye  lasers,  much  more  than  has  been  done 
on  optical  parametric  oscillator.  A  recent  review  12  of  the  dye  laser  area  contains  a  list 
of  over  a  hundred  references.  This  is  by  no  means  a  complete  list  of  the  publications  in  the 
field. 

The  primary  reason  for  the  relative  amounts  of  activity  in  the  dye  laser  and  OPO  fields 
is  that  a  useful  dye  laser  can  be  built  in  a  rather  inexpensive,  unsophisticated  manner  as 
opposed  to  the  sophisticated  engineering  and  expensive  components  required  for  the  OPO. 

The  operation  of  the  dye  laser  is  depicted  in  Figure  6-1.  The  dye  molecule  is  character¬ 
ized  by  singlet  and  triplet  manifolds.  Pumping  is  effected  by  optical  excitation  of  the  S0— ►Sj 
and/or  S0-*-S2  transitions.  The  output  is  always  a  transition  between  levels  in  the  Sj  and  S0 
manifolds.  Since  the  electronic  levels  are  broadened  to  several  hundred  angstroms  by  vibra¬ 
tional  and  rotational  interactions,  the  normal  Sj-»S0  fluorescence  occurs  over  a  wide  band¬ 
width.  Lasing  action  can  be  enhanced  at  a  given  wavelength  in  this  band  by  putting  a  disper¬ 
sive  element  in  the  laser  cavity  permitting  only  the  desired  wavelength  to  be  amplified.  Tun¬ 
ing  is  effected  by  adjusting  this  dispersive  element. 

The  triplet  levels  have  two  deleterious  effects.  First,  nonradiative  decays  from  the  Sj 
to  the  Tj  level  drain  the  upper  lasing  state.  Second,  and  more  serious,  once  the  Tj  popula¬ 
tion  becomes  high  enough,  the  lasing  action  is  quenched  since  the  Tj-VT2  absorption  usually 
corresponds  to  the  Sj-^SQ  emission.  A  major  advance  in  dye  laser  technology  came  when 
quenching  agents  were  introduced  to  depopulate  the  Tj  level  thereby  allowing  dye  lasers  to 
operate  in  a  continuous  as  well  as  a  pulsed  mode. 

There  are  currently  a  number  of  dye  lasers  and  dye  laser  components  commercially 
available.  These  are  pumped  in  a  variety  of  ways,  and  will  be  discussed  in  terms  of  their 
potential  use  in  the  SEF  display  in  groups  according  to  the  excitation  mechanism. 

Flashlamp  excitation  of  dye  lasers  is  the  least  expensive  and,  in  many  ways,  the  easiest 
method  of  excitation.  The  prime  requisite  is  that  the  flashlamp  deliver  sufficient  energy  to 
the  dye  at  a  high  enough  rate  to  overcome  the  rapid  Sx  *-S0  decay.  Commercial  systems  are 
available  which  produce  1  to  2  mj/pulse  at  rates  up  to  50  pps.  The  major  problem  in  using  a 
flashlamp  pumped  dye  laser  in  the  SEF  display  is  that  no  major  increase  in  the  pulse  rate 
seems  likely. 


Figure  6-1.  Energy  Level  Diagram  of  Typical  Laser  Dye 

The  obstacle  to  high  pulse  rates  ultimately  boils  down  to  a  heat  dissipation  problem  in  the 
flashlamp/dye-cell  system.  Even  if  we  allow  a  tradeoff  between  energy  per  pulse  and  pulse 
rate,  keeping  the  average  powe  constant,  the  problem  remains  since  a  reduction  in  energy 
pc~  pulse  is  achieved  by  reducing  the  flashlamp  and  dye-cell  size  and  consequently  their 
heat  dissipation  capabilities.  Maintaining  a  large  laser  size  and  running  at  low  energy  out¬ 
puts  is  very  inefficient  since  the  threshold  energy  still  has  to  be  overcome  for  each  pulse. 

A  possible  way  around  this  problem  is  to  pump  continuously  and  pulse  the  dye  output  by 
other  means.  The  cw  pumping  technique  has  been  discussed  ^  but  has  not  been  achieved 
with  incoherent  pumps. 

14 

Another  limitation  on  high  flashlamp  pulse  rates  has  been  pointed  out.  In  order  to  get 
high-performance,  high-brightness  lamps,  the  internal  gas  pressure  is  critical.  At  the  re¬ 
quired  pressures  the  recombination  time  after  pulsing  is  about  a  millisecond.  Pulse  rates 
exceeding  1000  Hz  are  therefore  not  possible  with  these  lamps. 


I 
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There  are  several  reasons  for  preferring  to  pump  dye  lasers  with  other  types  of  lasers 
rather  than  with  flashlamps.  The  repetition  rate  and  rise  time  problems  can  be  overcome 
with  a  number  of  Q-switehed  or  possibly  with  mode-locked  lasers.  In  addition,  the  spectra? 
purity  of  the  laser  output  makes  it  possible  in  many  cases  to  pump  directly  into  the  proper 
absorption  band  of  the  dye.  In  general,  pumping  with  a  wavelength  several  hundred  angstroms 
shorter  than  the  dye  output  is  the  preferred  mode  of  operation.  However,  by  utilizing  the  W' 
absorption  band  (generally  S0-*-S2  of  many  dyes,  the  N2()laser  (33 VIA i  has  be<-r>  used  to  pum" 
dye  lasers  which  completely  cover  the  range  from  3600A  to  65Q0A.  In  addition,  it  has  be\?n 
shown  15  that  by  introducing  suitable  mixtures  of  dyes  into  the  laser  cavity,  this  range  can 
be  extended  to  longer  wavelengths.  This  is  accomplished  by  utilizing  the  transfer  c*  excita¬ 
tion  from  a  uv  absorbing  dye  to  a  dye  which  does  not  absorb  at  the  pump  wavelength,  but 
where  absorption  band  overlaps  the  fluorescence  band  of  the  first  dye.  Pulse  rates  cf  the 
N2-laser  pumped  dye  laser  are  currently  limited  to  500  pps  by  the  pulse  rate  of  available  N2 
lasers. 

The  ruby  laser  also  has  been  used  to  pump  a  wide  variety  of  dyes.  Because  of  its  longer 
wavelength  (6943A  as  compared  to  3371$  for  the  N2  laser)  the  ruby  is  capable  cf  pumping 
dyes  whose  output  extends  into  the  near  infrared  region.  However,  the  use  of  the  ruby  laser 
as  a  dye  pump  is  again  not  suitable  for  the  SEF  display  because  of  pulse  rate  limitations. 

A  more  promising  approach,  especially  at  wavelengths  exceeding  I  micron,  is  to  use  the 
solid  state  neodymium  laser  as  a  pump.  Excitation  with  a  Q-switched  Nd:  glass  laser  (output 
at  1. 06p)  has  resulted  16  in  lasing  over  the  range  1. 081  Op  to  1.  l£15p  using  a  variety  of 
dyes.  The  Nd:  YAG  laser  is  capable  of  much  higher  pulse  rates  than  the  Nd:  glass  laser, 
which  means  that  a  usable  system,  tunable  in  1. 1  to  1. 2p  range,  should  be  possible. 

As  a  result  of  increased  understanding  of  the  fluorescence  properties  of  the  dyes  and  bet¬ 
ter  optical  cavity  construction  techniques  dye  lasers  have  been  built  with  greater  efficiency 
and  improved  operating  characteristics.  As  a  result  of  these  advances,  continuous  operation 
of  a  dye  laser  was  achieved  in  1970  using  a  1  watt  argon  laser  to  excite  th  *  dye. 

Dye  lasers  have  several  advantages  for  use  as  sources  for  the  SEF  display.  The^ optical 
quality  can  be  made  quite  high  and  the  linewidths  can  be  narrowed  lo  less  than  0.01  A.  In  addi¬ 
tion,  they  probably  can  be  pulsed  at  high  rates  by  using  a  cavity  dumped  argon  ion  laser  or 
by  using  a  cw  ion  laser  and  mode  locking  the  dye  laser,  lc  Mode  locking  produces  pulses 
at  the  rate  of  c/2L  where  L  is  the  cavity  length,  and  is  therefore  suitable  only  for  very  high 
pulse  rates. 

Dye  laser  wavelengths  are  available  up  to  about  1.  2p,  and  it  is  probably  unreasonable  to 
expect  dye  lasers  with  outputs  at  much  longer  wavelengths  in  the  near  future.  In  fact,  the 
upper  wavelength  limit  of  laser  dyes  is  expected  to  be  about  1. 5 ^  due  to  the  rapid  trans¬ 
fer  of  energy  from  excited  electronic  states  to  molecular  vibrations.  Or.  the  olhnr  hand,  bet¬ 
ter  pumping  techniques  for  near  ER  dyes  can  be  anticipated.  It  should  Dt  possible  to  use  the 
O.G47p  output  of  the  krypton  ion  laser  to  pump  dyes  which  emit  in  the  0,  7p  to  C.  85/u  region, 
just  as  the  0.5145p  argon  line  is  used  to  pump  0.58p  to  0.70 u  dye  lasers.  Tbt  '•e  is  even  the 
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7;0S nihil' ly  01  pumping  with  the  C,  7b>2p  krypton  Hue  to  get  further  into  tne  HI.  Another  possi¬ 
bility,  whicn  Oicnli  '•csult  ;p  &  compact  tunable  laser  with  a  very  high  avera'l  efficiency,  is 
io  pump  with  an  a* i  ay  of  LED's  whose  output  is  cho3en  to  msich  ihe  absorption  band  of  the 
dye. 

Dye  laser  systems  can  be  us-:d  to  generate  ccheren:  radiation  outside  the  emitting  region 
of  the  ;c  by  taip'oj'iag  s.  variety  of  nonlinear  optical  ejects.  Frequency  doublers  can  be 
used  to  extend  the  dye  laser  rauge  into  the  u/.  To  generate  tunable  TR  usmg  visible  dye  laser 
outputs,  Dewey  and  Locker  20  mixed  tbe  turable  laser  radiation  with  the  :ixed  wavelength 
pump  iu  a  Lih>b03  crystal,  They  were  able  to  tune  the  difference  frequency  in  the  3  to  4u 
region.  Another  approach  suggested  by  Her  bet  b  is  *o  use  ihe  dye  to  pump  a  parametric  os¬ 
cillator  to  get  tunable  radiation  in  the  0.7  to  1.  6/j  range.  Progreso1  in  many  of  these  areas 
is  expected  in  the  next  few  years. 

6.2.4  Other  Lasers 

The  parametric  oscillator  and  the  dye  laser  are  the  only  commercially  available  tunable 

lasers  wuich  are  potentially  useful  as  energy  s  -urces  for  the  SEF  display.  However,  a  num¬ 
ber  of  other  types  ot  tunable  lasers  should  be  me  jtir<n>?d  because  of  their  potential  applica¬ 
tion  in  the  future. 

There  are  a  variety  of  semiconducting  lasers  with  outputs  in  the  near  infrared  region. 

The  lasing  action  occurs  in  a  very  narrow  junction  region  and,  until  recently,  the  output  was 
characterized  by  being  diffraction  limited  perpendicular  to  the  plane  of  the  junction  and  some 
two  orders  of  magnitude  worse  than  diffraction  limited  in  the  plane  of  the  junction.  This  very 
poor  optical  quality  made  the  injection  lasers  unsuitable  for  use  as  an  SEF  display  pump.  An 
advance  in  diode  laser  technology  which  may  remedy  this  situation  was  the  recent  achieve¬ 
ment  21  of  single  mode  operation  of  a  GaAs  laser  by  placing  the  active  material  in  a  well 
designed  optical  cavity.  The  diode  laser  now  may  be  thought  of  as  a  potential  SEF  pump  in 
the  0. 7  to  0.  9p  range. 

There  are  also  a  variety  of  Raman  lasers  which  may  prove  useful.  These  are  devices 
which  have  the  ability  to  effectively  shift  a  portion  of  the  energy  of  a  pumping  laser  to  longer 
wavelengths.  The  amount  of  the  shift  is  determined  by  the  amount  of  energy  absorbed  by  the 
Raman  material  during  the  process  of  being  driven  from  its  initial  state  to  a  different  dis¬ 
crete  higher-energy  state.  Raman  laser  technology  is  not  yet  sufficiently  well  developed  for 
its  potential  to  be  estimated.  However,  it  has  been  shown  that  spin-flip  Raman  laser  22 
pumped  by  a  CO£  laser  could  be  tuned  over  the  range  10.  9  to  13/i  by  varyiug  the  magnetic 
field  in  which  the  laser  was  situated. 

6.3  SUMMARY 

The  light  source  situation  might  best  be  summarized  by  saying  that  each  of  the  criteria 
previously  discussed  may  be  satisfied  individually  or  possibly  in  pairs  by  some  particular 
laser,  however,  that  there  are  only  a  few  discrete  wavelengths  at  which  all  of  the  criteria 
can  be  simultaneously  met.  I*  is  anticipated  that  should,  the  need  exist,  all  of  the  criteria 


except  average  power  currently  could  be  satisfied  over  most  of  the  dye  laser  wavelength 
range  (0.5  to  0.7  micron).  Furthermore,  this  range  should  be  extended  out  to  1  micron  or 
longer  wavelengths  within  the  next  few  years.  Average  powers  of  several  hundred  milliwatts 
are  within  reason. 

The  OPO  is  the  only  broadly  tunable  source  which  currently  has  an  output  at  wavelengths 
beyond  one  micron.  Its  average  power  will  certainly  be  increased  beyond  the  present  10  mil¬ 
liwatts  within  the  next  few  years.  It  is  not  clear  whether  its  pulse  rate  will  be  pushed  much 
beyond  several  thousand  pps.  It  must  be  pointed  out  however,  that  in  addition  to  the  tunable 
dye  laser -heterodine  system  mentioned  previously  there  is  a  variety  of  less  broadly  tuned 
lasers  available  in  the  infrared  . 

The  continuing  progress  in  the  laser  field  makes  accurate  prediction  of  the  state  of  the 
art  very  difficult.  Due  to  the  diversity  of  approaches  possible,  the  best  tactic  for  the  devel¬ 
opment  of  the  SEF  display  is  to  look  for  better  display  materials.  Then  if  the  materials  are 
good  enough  to  warrant  the  effort,  the  specific  lasers  required  by  with  these  improved 
materials  should  be  developed. 
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SECTION  7 


7.  SUGGESTIONS  FOR  FUTURE  DEVELOPMENT  OF  THE  SEF  DISPLAY 

Although  the  attainment  of  the  50, 000  spot  system  will  require  advances  in  the  state  of 
all  three  of  the  major  display  system  components,  the  key  to  any  major  advance  lies  >n  the 
discovery  of  improved  display  materials.  This  becomes  evident  from  a  brief  consideration 
of  the  range  of  Z-values  involved  from  going  rrom  the  present  state  of  the  art  to  the  50,  000 
spot  display. 

Currently  using  CaF2:Er3+  as  the  display  medium  and  100  milliwatt  lasers  at  the  appro¬ 
priate  wavelengths  a  10  to  20  spot  system  having  a  Z -value  in  the  1043  to  1044  range  can  be 
constructed.  To  attain  the  Z  =  1022  goal  some  eight  orders  of  magnitude  improvement  are 
required.  For  reasons  of  safety,  size,  power  consumption,  and  to  keep  within  presently 
accepted  bounds  of  reality,  we  are  seeking  1  watt  lasers  for  the  final  system.  Therefore, 
according  to  equation  3-13  we  can  expect  to  attribute  only  2  orders  of  magnitude  increase  in 
Z  to  l*ser  improvements.  On  the  other  hand,  as  has  been  discussed  at  the  end  of  the  Display 
Medium  Section  an  S  or  9  order  of  magnitude  increase  in  Z  by  virtue  oi  the  discovery  of 
imprc  ved  materials  is  within  reason. 

Therefore  it  is  evident  that  progression  through  the  hierarchy  must  be  lead  by  advances 
in  the  efficiency  in  the  display  medium  which,  of  course,  requires  the  discovery  of  better 
display  materials.  The  projected  development  is  predicted  inFigure7-l.  The  bench  model 
based  on  1971  materials  will  be  constructed  after  a  suitable  delay  for  the  completion  of  the 
system  engineering  work.  Further  limited  advr  nces  may  be  achieved  through  additional 
laser  development.  InFigure  7-1  sufficient  effort  in  the  materials  area  is  assumed  so  that 
significant  advances  in  the  materials  will  be  made  in  1973  and  1975.  In  order  to  capitalize 
on  these  advances,  some  time  must  be  allowed  for  the  construction  of  appropriate  lasers. 
However,  the  long  system  engineering  effort  probably  will  not  be  r-quired  for  later  systems 
because  of  the  experience  gained  during  the  construction  of  the  bench  model.  Finally,  for 
the  achievement  of  the  ONR  goal  system  a  suitable  length  of  time  has  been  left  for  the  final 
deflector  development.  As  can  be  seen,  assuming  a  sufficient  rate  of  effort,  this  system  is 
predicted  for  1978. 


Figure  7-1.  Projected  Display  Development 
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Absorption  cross-section  for  excited  state  pump 
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Fluorescence  quantum  efficiency. 

Lifetime  of  the  first  excited  state 
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oin  L  total  molecular  concentration  of  active  medium,  (CM  ) 

in  general  n^«  X 


n  (nvn.)  Minimum  fluorescence  center  concentration  n(min. ) 
Spot  Radius 


d  -  Spot  dia  (cm) 

B  -  Spot  brightness  (ft  -  L  amberts) 


absorption  coefficient  i—j  (states) 
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radiative  decay  rate  (j— -i)  (sec”1) 

nonradiative  decay  rate  (sec  1) 

Characteristic  display  parameter  a  measure  of  ' 
display  capability 

Visual  spectral  sensitivity  coordinate 
Planks  constant 
Freq  (Hz)  of  optical  radiation 
Wavelength  of  optical' radiation 


